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Fundamentals of missile and nuclear weapons systems 
are presented in this book which is primarily prepared as the second 
text of a three-volume series for students of the Navy Reserve 
Officers* Training Corps and the Officer Candidate School* Following 
an introduction to guided missiles and nuclear physics, basic 
principles and theories are discussed with a background of the 
factors affecting missile flight, airframes, missile propulsion 
systems, control components and systems, missile guidance, guided 
missile ships and systems, nuclear %0eapons, and atomic warfare 
defense. In the area o^ missile guidance, further explanations are 
made of command guidance, beam-rider methods, homing systems, preset 
guidance, and navigational guidance systems* Effects of nuclear 
weapons are also described in categories of air, surface, subsurface, 
underwater, underground, and highraJ.^itude bursts as well as various 
kinds of damages and injuries* Besides illustrations for explanation 
purpose^, a table of atomic weights and a glossary of general terms 
are provided in the appendices. (CC) 
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PREFACE 



Thisbook is intended primarUy as aclassroom training text forNROTC 
and OCS students. Other principal users wlU be officers enrolling in the 
correspondence course based on this text, and NROS students. 

This is the second volume of a three-volume series dealing with naval 
weapons. The first volume, Principles of Naval Ordnance and Gunnery 
NavPers 10783-A, deals with shipboard naval weapons systems, including 
guns, rockets, bombs, torpedoes, mines, and depth charges, but not 
guided missiles and nuclear weapons. The basic sciences as u>plied to 
naval weapons. Including fire control, are explained. 

The present volume- deals with many basic principles and theories 
needed for understanding guided missUe flight and control, aiid basic nu- 
clear weapons information. The fundamentals of the different types of 
missile guidance are discussed. 

Because its distribution is not limited by security regulation, U is nec- 
essarily general in nature with minimum reference to actual weapons in 
current use. Considerable detaU isgivenonthe ^ects of nuclear weapons 
but not on the construction or operation of the weapons. 

The user Should bear in mind that this text is not designed for mainte- 
nance or for operating personnel, nor for use as a raanual on operations 
or tactics. 

The thirdvolume. Navy Missile Systems . NavPers 10785-A, describes 
specific Navy missUe systems, illustrating the appUcation of the prin- 
ciples explained here. 

The text and illustrations of this book were prepared by the Train- 
ing I^lbllcat^ons Diirtsipn, Nayai Personnel Program Support AcUvity, 
Washington, D. C. 20380, for the Bureau of Naval Personnel. Credit 
for technical assistance is given to the Bureau of Naval Weapons, Officer 
Candidate School, Newport, R. I. , NROTC Unit, University of Texas, 
^stin, Texas, and NROTC Unit, University of Oklahoma, Norman 
Oklahoma. ' 
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THE UNITED STATES NAVY 



GUARDIAN OF OUR COUNTRY 

The United States Navy is responsible for maintaining control of the sea 
and is a ready force on watch at home and overseas, capable of strong 
action to preserve the peace or of instant offensive action to win in war. 

it is upon the maintenance of this control that our country's glorious 
future depends; the United States Navy exists to make it so. 

WE SERVE WITH HONOR 

Tradition, valor, and victory are the Navy's heritage from the past. To 
these may be added dedication, discipline, and vigilance as the watchwords 
of the present and the future. 

At home or on distant stations we serve with pride, confident in the respect 
of our country, our shipmates, and our families. 

Our responsibilities sober us; our adversities strengthen us. 

Service to God and Country is our special privilege. We serve with honor. 

THE FUTURE OF THE NAVY 

The Navy will always employ new weapons, new techniques, and 
greater power to protect and defend the United States on the sea, under 
the sea, and in the air. 

Now and in the future, control of the sea gives the United States her 
greatest advantage for the maintenance of peace and for victory in war. 

Mobility, surprise, dispersal, and offensive power are the keynotes of 
the new Navy. The roots of the Navy lie in a strong belief in the 
future, in continued dedication to our tasks, and in reflection on our 
heritage from the past. 

Never have our opportunities and our responsibilities been greater. 
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PART l.-GUIDED MISSILES 
CHAPTER 1 

INTRODUCTION TO GUIDED MISSSLES 



GENERAL 

DEFINITION 

A (SUIDED MISSILE is an unmanned vehicle 
that travels above the earth's surface; it carries 
an explosive ivarhead or other useful payload; 
and it contains within itself some means for con- 
trolling its own trajectory orflightpath. A glide 
bonA is propelled only by gravtty. But it con- 
tains a device for controlling its night path, and 
is therefore a guided missile. 

The Navy*s guided missiles, including Ter- 
rier, Tartar, Talos, Sidewinder, Sparrow, BuU- 
pup, and Polaris, meet all the requirements of 
the above definition. 

The Army's Honest John (now obsolete) is a 
3-ton rocket that is capable of carrying a nuclear 
warhead. Because it ccmtains no guidance sys- 
tem. Honest John is not a guided missile. The 
Navy's homing torpedoes are self-propelled 
weapons with elaborate guidance systems. Hie 
homing torpedo can hunt for a target and, yAien 
it finds one, steer toward it on a collision course. 
Because it does not travel above the earth* s sur- 
face, the homing torpedo is not a guided missile. 

A laSSILE is any object that can be pro- 
jected or thrown at a target. This definition 
includes stones and arrows as well as gun 
projectiles, bombs, torpedoes, and rockets. In 
current military usage, the word MISSILE is 
gradually becoming syncmymous with GUIDED 
MISSILE. It wiU be so used inthis text; we will 
use the terms BOSSILE and GUIDED MISSILE 
interchangeably. This permits inclusion of the 
Asroc, ^ch is not a guided missile, but |s a 
missile, an important one in ship missile w<^pon 
systems. Another missile isSubroc, iirtiichis 
fired underwater from a torpedo tube, is guided 
during its air flight, returns to the water, and 
acts as a depth charge. 



SCOPE OF THE TEXT 

Part I of this book is a brief introduction to 
the basic principles that govern the design, 
construction, and use of guided misriiles. Part 
II deals with nuclear weapons. Many of the 
principles we will discuss apply to all missiles; 
mostof them apply to more than one. The treat- 
ment will necessarily be general. Security re- 
quirei^-nts prevent any detailed description of 
specific missiles in an unclassified text. This 
text will therefore contain very little informa- 
tion about specific missiles; they will be de- 
scribed in some detail in a supplementary vol- 
ume. Navy Missile Systems, NavPers 10785-A. 

The reader will find some repetition in this 
text; this is intentional. The subject is com- 
plex; it deals with many different phases of 
science and technology. The begihni^s student 
of guided missiles faces a paradox. We might 
say that you can*t thoroughly understand any 
part of a guided missile unless you understand 
all the other parts first. We will deal with 
this problem by first discussing the guided 
missile as a whole, with a brief consideration 
of its propulsion, control, guidance, and launch- 
ing systems. Each of these subjects will then 
be treated at some length in one or more later 
chapters. 

All guided missiles contain electronic de- 
vices; some of these devices are very complex. 
A sound understanding of the operating prin- 
ciples of missile guidance is very ditficult with- 
out some background in basic electricity and 
electronics. Students who have no background 
in electronics should use Introduction to Elec- 
tronics . NavPers 10084; it should, if possSle, 
be supplemented by ftirther reading in basic 
texts on electricity and electronics. 
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WEAPONS SYSTEMS 

The missiles alone are useless for defense 
or offense without the remainder of the weapons 
system. A weapons system is vitally dependent 
on search radar inputs, command and ccxitrol 
devices I and power supplied from other equip- 
ments. A missile weapons system consists of a 
weapon direction system, one or more fire con- 
trol systems, the launching system, and the 
missiles. The missiles may be all of one type 
or Uiere may be two or more types in the system 
on a ship. 

A mere listing of the components of a weapons 
system would be rather lengthy. Many trained 
men are ^needed to operate the various parts. 
The coordination and cooperation required to 
make all components and personnel work to- 
gether properly is not aslB^letask. It requires 
a thorough knowledge of the interrelationship 
and interactions involved. Intensive technical 
training is necessary for the technicians 
operate and maintain the equipmeiit, each in his 
own specialty. A network of communication 
facilities is necessary for commimication be<- 
tween the men operating the different imits. 

Officers must have a goodbackgroimdknowl- 
edge of how a weapons system operates, and the 
interaction and dependence of the various parts. 
This book will not describe the components of a 
weapons system, other than the missiles, nor 
their functioning. Officer texts and correspond- 
ence courses are available for specialty study, 
such as Conibat Information Center Officer . 
NavPers 10823^6. 

PURPOSES AND USES OF 
GUIDED MISSILES 

The primary mission of our Navy is control 
of the seas. We propose to keep the sea laii^s 
open for our own and for friendly commerce; in 
time of war, we propose to deny use of the sea 
to our enetey. Historically, this mission has 
been accomplished by the use of warships armed 
with the most advanced weapons of their time. 
When Jcim Paul Jones challenged the British 
control of the seas, his warships carried guns 
having an effective range of afewhundredyards. 
In the Civil War, the Union Navy maintained a 
successful blockade of southern ports with the 
help of guns that could shoot a little more than 
a mile. The battleships of World War I carried 
rifled guns with an effective range in the order of 
15 miles. When aircraft became more effective 
weapons than guns. In both range and striking 



power, aircraft became the primary weapon of 
the Navy. The battle of the Coral Sea, in 1942, 
was the first major naval engagement in which 
surface ships did not exchange a single shot. 

When a navy so controls the seas that it can 
safely approach the enemy coast, it can extend 
its striking power inland to the distance its 
weapons can reach. A heavy cruiser can bom- 
bard enemy installations about 15 miles inland. 
Carrier-based aircraft extend the Navy's force 
for hundreds of miles over enemy territory. 
Thus, during the Korean War, the vdiole of North 
Korea was s*dbject to attack by carrier-based 
aircraft of the U. S. Navy. 

The Nax'y.'i.-Regulus guided missile had a 
range comparable to that of a carrier-based 
aircraft. It was designed so it could also be 
launched from a submarine, even where we did 
not control the surfoce of the sea. Although 
Regulus is being phased out, it gave valiant 
service as u forerunner of Polaris. Some of the 
missiles wUl be used as drones for training 
purposes. 

The Polaris missile, called the Fleet Ballis- 
tic Missile (FBM), also submarine-launched, 
extends the Navy*s striking power for inland. 
Early models of the Polaris had a rangeof 1500 
miles; advanced Polaris has a range of about 
2500 miles. With such a range, even the most 
remote place on earth can be reachedbyits fire 
power, v/Mle the submarine that fires it remains 
submerged, undetected by the enemy. 

One of the strongest elements in our national 
defense is the Strategic Air Command (SAC), 
^ich can launch a devastating nuclear attack 
against any enemy within a few minutes after 
notice. But SAC bases are large, and expensive 
to build and maintain. Thdir position is known to 
our possible enemies. At the outbreak of war, 
they would probably be the first objective in a 
surprise attack. 

The intercontinental ballistic missile (ICBM) 
carries a nuclear or thermonuclear warhead. 
It can reach its tarjrctor>Sknother continent within 
minutes after launching. It can approach the 
target at such a speed that any countermeasures 
may be very difficult. Its shore-based launching 
sites are small, relatively cheap to build and 
maintain, and relatively easy to conceal. Ber 
.cause they can be widely dispersed, they are 
' difficult to attack even if their location is known. 
ICBMs Ikunched from shipboard would have a 
mobile base, of course, which could be maneu- 
vered as necessary to evade the enemy or to 
come within range of the target. 
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The ICBM does not face the problem of re- 
turning safely to friendly territory after com- 
pleting its mission, for. guided missiles are 
expendable by design, while our strategic bomb- 
ers and their crews are not. SAC has been 
supplemented by the ICBM.- 

An Intercontinental Ballistic MissUe (ICBM) 
has a range of over 3000 nautical miles. In this 
class are the Atlas (SSOOto 9 000 nautical miles), 
Minuteman (over 5000 nautical miles), and Titan 
(about .5000 nautical mixes), lliese missiles 
were developed by the Air Force, and are shore- 
launched. 

An Intermediate Range Ballistic Missile 
(IRBM) has a range up to 1500 nautical miles. 
This term is now applicable only to Thor and 
Jupiter, both of them Air Force Missiles, and 
both being phased out. 

Some missiles have a range in the interval 
500 to 3000 nautical miles. The Navy*sRegulus 
I is in this range group. Its successor, the 
Polaris, has a greater range, but is still in this 
group. Hound Dog, Mace, and Matador are Air 
Force missiles in this range. 

Each of the services has several short-range 
missiles that are operational. The Navy mis- 
siles in this group include Bullpup, Sidewinder, 
Sparrow in, Talos, Tartar, and Terrier. Others 
are under development. One of the aims in the 
development of advanced types of missiles is to 
increase their range ag well as their accuracy 
and dependability. 

Modem military aircraft can fly so high and 
so fkst that conventional antiaircraft guns are 
ineffectual against them during high flights. As 
you know, a gun is not aimed directly at a moving 
target; it must be so aimed that both the pro- 
jectile and the target will reach a predicted point 
at the same time. During the flight time of the 
projectile, a high-speed aircraft will travel 
several miles. The projectile cannot change its 
trajectory after it is fired; the aircraft can, and 
a slight change of course can take it beyond the 
lethal range of the projectile burst. 

The surjbce-to-air guided missile can inter- 
cept attacking aircraft at greater heights and 
greater ranges than any projectile. If the air- 
craft changes its course or takes evasive action 
to escape the missile, the guidance system of the 
irissile will change its course accordii^ly to 
follow the aircraft up to the instant of intercep- 
tion. 

Aircraft attacking a ship headon, or low-flying 
slower speed aircraft and helicopters used for 
strafihg and spotting, could come within range of 



the AA guns if not brought down by missiles. 
High-speed aircraft flying at low altitudes (pos- 
sibly to avoid radar detection and tracking) are 
susceptible to AA guns and conventional gunfire. 

Guided missiles are becoming increasingly 
important in aircraft armament. When two Jet 
aircraft are approaching each other head-on, the 
range closes at a speed between one-half and one 
mile per second. Under these conditions it is 
difficult even to see an enemy aircraft, andhitting 
it with conventional aircraft weapons is largely 
a matter of luck. But the air-to-air missile can 
""lock on" the hostile aircraft while it is still 
miles away, and can pursue and hit the target in 
spite of its evasive maneuvers. 

The defense of a naval task force against air 
attack is somevAiat similar to that of defending 
an American city or industrial area against air 
attack. The enemy attack will be detected by 
long-range search radar while the attacking 
planes are hundreds of miles from the target. 
Ashore, the early warning radars, called Ballis- 
tic Missile Early Warning System ^MEWS), are 
located at distant outposts in Canada and Alaska. 
At sea, they are aboardpicket ships at some dis- 
tance from the main body of the task force. The 
first line of defense will probably be interceptor 
aircraft, which will attack the enemy planes with 
air-to-air missiles. A second line of defense 
may consist of moderate range surface-to-air 
missiles, iK^ich will intercept the attacking 
planes at ranges from about 20 to more than 65 
miles. A third line would consist of shorter 
range missiles, designed to intercept at ranges 
between about 5 and 20 or 30 miles, and anti- 
aircraft guns with ranges up to 10 miles. 

Protection against underwater attack is af- 
forded by missiles, such as Asroc, homing 
torpedoes, and depth bombs, all of which are in- 
cluded in the antisubmarine warfare (ASW) 
arsenal. A study of the statistics of submarine 
devastation in past wars might convince you ASW 
is more important than anti-air warfare. Al- 
though there is a difference of opinion as to the 
relative importance of these two t3rpes of de- 
fenses, the Navy has not neglected either one. 
We have antisubmarine weapcxis to be dropped 
from airplanes, to be fired from surface ships, 
and to be fired from submarines. 

Because the defense system outlined above 
is formidable, it is improbable that enemy air- 
craft will try to bond) our cities, or attack a task 
force with bombs or torpedoes. Enemy attacks 
are more likely to be with air-to-surface mis- 
siles, launched at a range of perhaps a hundred 
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miles or more, and siibmarine or surface-fired 
missiles. 

The question remains: how do we defend our- 
selves against enemy intercontinental ballistic 
missile S| air-to-ground missiles, and 
submarine-launched missiles? We must assume 
that the enemy has weapons as swift and lethal 
ac^ ours. The early mods of Nike and Terrier 
missiles were designed to shoot down Jet air- 
craft. They were swift enough for that,biit with 
the development of ICBMSi which canbe launched 
from foreign shores, or possibly from hidden 
submarines, defense requires shooting downthe 
missiles launched by our enemies. The answer 
is antimissile ndssiles. They must be capable 
of launch, or very short notice, extremely fast, 
and extremely maneuverable. They canbe rela- 
tively small. Just big enough to explodethe enemy 
missile high in the air (orinthe water) before it 
can reach its target. Such antiballistic missiles 
(ABMs) are being developed and means are being 
explored for rendering enemy missiles ineffec- 
tive within range of our shores or ships. 

When the antimissile missile becomes oper- 
ational, it will probably lead to further develop- 
ments. Our aircraft carry air-to-air missiles 
for defense against enemy aircraft; an inter- 
continental ballistic missile might carry air-to- 
air missiles for defense against other missiles. 
These mipjit be called anti-antimissile missiles, 
though if we have the ingenuity to develop such 
weapons we may be able to think of a shorter 
name for them. 

Such speculations about the future are not 
very instructive. But this prediction is safe: 
the effort to develop faster and better missiles, 
and the race between missiles and missile 
countermeasures, will ccxitinue as long as the 
threat of war exists, or until some new and 
unforeseen weapon makes guided missiles obso- 
lete. 

INTRODUCTION TO 
MISSILE TYPES 

To perform the various functions outlined 
above, missiles of many different types mustbe 
developed. A list, later in this chapter, will 
show the number of missile types now opera- 
tional or in various stages of development. lt \ 
can be asmmed that other missiles, not yet 
announced, are being developed. 

The Nkvy*s Sidewinder is a relatively small 
air-to-air missile with a range of a few miles. 
A Sidewinder costs about as much as a good 



used car. It resembles an ordinary aircraft 
rocket; it differs, of course, in having a guidance 
system, and movable control surfaces by which 
the guidance system can control its flight path. 
At the other extreme, the ICBM has a range of 
thousands of miles, with size and weight in 
proportion; its proportional cost is even higher. 
The ICBM, like most missiles, has the familar 
rocket shape. Some of the earlier missiles 
resenibled conventional aircraft; they differed 
from aircraft in having a guidance system rather 
than a pilot. They were designed to dive into 
their targets rather than release abomb load and 
return. 

Guided missiles are classified in a nuniber 
of different ways, perhaps most often by function, 
such as air-to-air, surfkce-to-air, or air-to- 
surface. The new designation si^mbols for mis- 
siles and rockets classify them according to the 
launch environment (R for ships), mission (G for 
surface attack; U for underwater attack), and 
vehicle type (M for missile)* 

A noriballistic missile is propelled during all 
or the major part of its flight time; the propul- 
sion system of a ballistic missile operates for 
a relatively short time at the beginning of flight; 
thereafter, the missile follows a free ballistic 
trajectory like a bullet (except that this trajec- 
tory may be subi[ect to correction, if necessary, 
by the guidance system). Some missiles are 
designed to travel beyond the earth's atmos- 
phere, and reenter as they near the target. Others 
depend on the presence of air for proper opera- 
tion of the control surfaces, the propulsion sys- 
tem, or both. 

Missiles may be further classified by type 
of propulsion system, such as turbojet, ramjet, 
or rocket; or by type of guidance, such as com- 
mand, beam-riding, or homing. 

INTRODUCTION TO MISSILE 
GUIDANCE 

The missile guidance system keeps the 
missile on the course that will cause it to 
intercept the target. It does this in spite of 
initial launching errors, in spite of wind or 
other forces acting on the missile, and in spite 
of any evasive actions that the target may take. 
The guidance system may be provided with 
certain information about the target before 
launching. During flight it may receive addi- 
tional information, either by radio from the 
launching site or other control point, or from 
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the target itself. On the basis of this infor- 
mation, the guidance system will calculate 
the course required to intercept the target, 
and it will order the missile control system 
to bring the missile onto that course. 

From the paragraph above, it might be in- 
ferred that the guidance system is an intelli- 
gent mechanism that can think. This, of course, 
is untrue. The missile guidance system isbased 
on a relatively simple electronic computer. But 
even the most complex computers, such asUni- 
vac and other ^giant brains,*^ cannot think. 
Thinking is a conscious process, confined to man 
and few of the high r animals. No matter how 
complex it may be, a computer is simply a ma- 
chine built 80 that when certain things happen, 
certain other things will result. The desic^ of 
a computer is nothing more than an advanced 
exercise in the logic of cause and effect. A com- 
puter can take no action that isn't built into it 
by its designer (except, of course, the erratic 
action that might result from a bad connection 
or a faulty component). 

In thb later chapters of this text you will find 
statements such as this: ''When Terrier detects 
an AM signal, it knows it is oft the beam center, 
but it does not know, from the AM signal, which 
way to go to get back to beam center.* We make 
such statements without further apology, but it is 
essential that the students understand what we 
are doing. We are using a convention, because 
it saves time and space. Remember that a mis- 
sile doesn't •know/ or "see,* or "think,* or 
''decide.* 

Several distinct types of guidance are pos- 
sible; a given missile may use one type, or a 
conibination of two or more. These types 
include preset, homing, command, beam-riding, 
and inertial guidance, besides some less-known 
ones such as celestial, celestial-inertial, 
terrestrial-reference, and stellar guidance sys- 
tems. 

Although it cannot be called a guided missile, 
the air-9team torpedo has a simple guidance 
system. Before launching, its gyro is set for a 
predetermined course; the gyro holds the torpedo 
on that course throughout its run to the target. 
The torpedo is capable of steering itself, but it 
receives no information after the inirtont of 
launching. This is PRESET guidancfei The 
German V-1 is another example. Before launch- 
Ing, it was set to follow a given course, and to 
dive on its target after traveling a preset dis- 
tance. 



The German V-2 used a combination of pre- 
set and COMMAND guidance. Before latmching, 
it was set to climb vertically for a certain dis- 
tance, and then turn onto the desired course. 
Speed and position of the V-2 were determined 
by a radar at the latmching site. This informa- 
tion was analyzed by a computer, which deter- 
mined MAien the missile had reached a position 
and speed that would carry it, along a ballistic 
trajectory, to its target. At that instant, the 
missile propulsion system was shut down by 
radio conunand. 

The Army's Nike surface-to-air missile is 
a more modem example of command guidance. 
Throughout the missile flight, radars at the 
launching site track both the missile and its 
target. A computer continuously calculates 
the course that the missile must follow to 
reach the point of intercept. Throughout its 
flight, Nike is steered along the desired course 
by radio commands from the ground. 

Sidewinder has a HOMING guidance system, 
sensitive to infrared (heat) radiation. It will 
steer itself toward any strong source of in- 
frared^ The eidiaust of a jet aircraft is such a 
source, and Sidewinder can steer itself ^right 
up the tailpipe* of an enemy jet. 

Infrared is not the only basis for homing 
guidance. A missile can be designed to home 
on light, radio, or radar energy given off by, 
or reflected from, the target. It could also, 
like a homing torpedo, be designed to home on 
a source of sound waves; but because a guided 
missile travels at from one to a dozen times 
the speed of sound, such a system would not 
be practical. However, sound waves are used 
for detecting underwater targets. The word 
^Sonar* means Sound Navigation and Ranging 
systems, and includes all typea of underwater 
sound detection devices. The Asroc torpedo 
uses sonar detection in its underwater phase. 

Because its source of information is energy 
given off by the target itself. Sidewinder guid- 
ance is an example of PASSIVE homingr Other 
missiles carry a radar transmitter, 'illumi- 
nate* the target with a radar beam, and home 
on the radar energy reflected from the target. 
This is an ACTIVE homing guidance system. 
A SEMI-ACTIVE system is also possible; the 
target is illimiinated by a radar beam from the 
launching site or other control point, and the 
missile homes on energy reflected from the 
target. 

The Navy^s Terrier is similar to Nike in 
both fdnction and performance; but its guidance 
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system is entirely different. Terrier uses 
BEAM-RIDER guidance. A radar transmitter 
at the laimching site keeps a narrow beam of 
radar energy continuously trained on the tar- 
get. Terrier simply rides up the beam. 

Intermediate*-range (around 1500 miles) and 
long-range (3000 miles or more) missiles may 
use a NAVIGATIONAL guidance system. The 
missile determines its own position in relation 
to the target, calculates the course required to 
reach the target position, and steers itself along 
that course. A missile may be designed to 
navigate with the help of radio or radar beacons. 
Just as a ship may navigate with the help of 
Loran. A missile may navigate by dead reckon- 
ing, throu^ the use of an INERTIAL guidance 
system. * It may navigate by taking star fixes 
through a telescope (celestial navigation), or by 
examining the ground with radar and comparing 
what it sees with a ^nap. Or it may use a com- 
bination of two or r^dre o? these methods. 

As previously stated, a missile may have 
more than one type of guidance system, and 
switch from one to another during its flight. 
For example, a long-range missile may climb 
to a preset height and turn onto a preset 
course shortly after launching, then navigate 
to the target vicinity, and finally home on the 
infrared or other energy given off by the tar- 
get. Or a surfkce-to-air missile may ride a 
radar beam until it gets near the target, then 
switch over to homing guidance. 

COMPONENTS OF GUIDED MISSILES 

In the course of thediscussiontfausfkri some 
of the components of guided missiles have been 
mentioned. Every missile has a framework, 
called the airframe, to contain the components. 
In the airframe is the warhead, the propulsion 
system (including the fUel), guidance system, 
control system, and an auxiliary power system. 
Chapter 3 defines each component; fuller de- 
scriptions are given in other chapters. Each 
system has many parts, some of them intricate 
and delicate, with a network of electrical, hy- 
draulic, and mechanical connections linking all 
parts. The next section describes the develop- 
ment of some of the components and ways in 
y9Mch the changes affected the missiles. The 
Improvement of missiles is a continuing process 
to increase the reliability, simplicity, rangie, anid 
lethality of the weapons. Asslfl^icantimprove-r 
ments are achieved, older missiles are phased 
out and new ones are installed. 



HISTORY OF GUIDED MISSILES 
INTRODUCTION 

The brief sketch that followu will enable 
the student to view the present day guided 
missile in a historical perspective, and to 
consider the most recent developments in their 
relation to early experiments. It serves no other 
purpose; it is not neceusary io memorize the 
dates listed here. 

Guided missiles, as defined at the beginning 
of this chapter, were first used in World War 
n. But they could not h&ve been built at that 
time without previous experiments in both 
propulsion systems and guidance. We will 
look briefly, at early developments in both of 
those fields. Our latest missiles, of course, 
are based also on developments ih many other 
fields, including mass production techniques, 
metallurgy, aerodynamics, radar, and elec- 
tronic computers; but we cannot describe the 
evolution of those developments h«re. 

PROPULSION SYSTEMS 

Weapon propulsion systems are usually clas*- 
sified as gun type, reaction type, and gravity 
type. Gun type propulsion systems are also 
called impulse propulsion systems and include 
all weapons in ^ich a projectile is ejected from 
a container, such as a gun barrel or a launching 
tube. The only application of this type of pro- 
pulsion in missiles is for the ""ship-clearing* 
portion of the Journey of some missiles and 
torpedoes.' 

Older type glide bonibs and other gravity- 
powered missiles are obsolete. Although 
propeller-driven aircraft, under radio control, 
have been used as target drones, a propeller- 
driven guided missile would be too slow to be 
effective . Most current missiles depend on some 
form of Jet or rocket propulsion (reaction type 
propulsion system). An exception is the Walleye, 
a glide bonib type under development. 

The development of present day gutted mis- 
siles was dependent on the develop^u^nt of Jet 
propulsion, although the experimental work was 
done for the purpose of developing a Jet engine 
for planes. 

In France, in 1909, Guillaume outlined the 
basic theory of turbojet propulsion. In 1927, 
the Italian Air Ministry built and tested a plane 
driven by a form of mechanical Jet propulsion, 
Ttie fuselage of this plane was shaped like a 
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tube, with flaring ends. A conveLlional pro- 
peller was mourrtod in the throaf of tlie tube, 
forming a ''ducted propeUer'' installation. This 
craft had good maneuverability and good sta- 
bility, but in other respects its performance 
was poc: . In 1932, Campini, an Italian, designed 
and later flew the first plane powered by a 
thermal jet; it differed from modem jets in 
using a piston engine, rather than a turbine, 
as a compressor. 

After Campini' s successful flight, develop- 
ment of iniproved jet engines was undertaken 
in several countries. In England, in 1930, 
Frank Whittle patented a jet engine based on 
the principles used in modern jet aircraft. 
After combustion, the exhaust gases of the jet 
were used to spin a turbine; the turbine, in 
turn, drove the compressor. The first suc- 
cessful flight of a turbojet powered saircraft 
was made in England in May 1941. In the 
U. S., development of jet engines was turned 
over to General Electric Company because of 
its experience with turbine- drivfn super- 
chargers. At present, nearly every mamifkc- 
turer of aircraft eiigines is developing and 
building turbojet engines. 

The pulsejet engine uses the forward motion 
of the missile or .aircraft, rather than a tur- 
bine, to compress the air and ftiel vapor before 
combustion. Thepulsejetprinciplewaspatented 
by a German engineer in 1930, and further de- 
veloped by Sleeker, an American, in 1933. The 
pulsejet engine was much improved by the Ger- 
mans during World Warn, and was used to power 
their V-1 guided missile. 

The ramjet also depends on forward motion 
for compression, but it differs from the pulse- 
jet in having no moving parts. The basic idea 
of a ramj«t was patented by Rene Lorin, a 
French engineer, in 1913. This was followed 
by a Hungarian patent in 1928, and another 
French patent, by Leduc, in 1933. None of 
these pateni^i resulted in a workable ramjet 
engine. The basic ideas were sound; but suc- 
cessful development of a ramjet engine had 
to wait for extensive data on the behavior of 
fluids at extremely high speeds. The first suc- 
cessful ramf it flight was made in June of 1945 
at the Applicu Physics Laboratory of the Johns 
Hopkins University iii the course of developinga 
power plant for the Navy's taloa missile. 

Tuibojets, pulsejetsi and ramjet^all depend 
on the presence ofaAr forthecombustionof their 
fuel. C^c^sequently, none of them can operate 
beyond th. earth's atmosphere. Rockets, on the 



other hand, carry their own sourer" of oxygen for 
combustion, and they operate even more effi- 
ciently in a vacuum than they do in air. 

The principle of rocket propulsion has been 
known for nearly 2000 years. In the Far East, 
rockets were used in warfare as early as the 
13th century. Several western armies used* 
rocket projectiles in the early part of the 
19th century, but not very effectively. They seem 
to have been of more value in frightening the 
enemy than in doing physical damage. The Brit- 
ish used rockets in their attack on Washington in 
1812; and in the Star Spangled Banner, Francis 
Scott Key referred to the "rocket's red glare'' 
during thebonibardmentofFortMcHi>^fy. (Some 
historians believe that the British wf 1^ uning 
rockets as signals, rather than weapons Mili- 
tary interest inrocketslapsed after the middle of 
the 19th century, because developments in gu6- 
nery made gun projectiles ^rJiperiortorpciretsin 
range, and far 8a;?erior in accuracy. 

Among rocket engineers, Robert H. Goddard 
is known as the "Father of Rocketry. *' Goddard 
was bom in Massachusetts in 1882. By the time 
he earned his Bachelor of Science degree in 
1908, he was obsessed by thoughts of rocket s and 
rocket propulsion. He believed, quite correctly, 
that rocket propulsion would be the most suitable 
means for sending measuring instruments to the 
top of the eartti'5 atrgosp.*^ re, and evei^vually to 
the moon. Ur t<iti>;iiiImeii<3one had investigated 
the physics of rocket proptdsion, and no one had 
worked o\A thenecessary mathematics. Goddard 
decided to do both. 

Before Goddard's experiments, rocketscon- 
sisted of a quantity of propellant packed in a 
cylindrical tube. Goddard discovered that by 
forming the after end of the tube into a smooth, 
tapered nozzle, he could increase the ejection 
velocity of the combustion gases eight times 
without increashigthe weight of thefuel. Accord- 
ing to Goddard's calculations this would, for a 
given weight of fuel, drive the rocket eight times 
as fost and sixty-four times as far. 

Goddard was given a Navy commission in 
1917, and assigned to the job of improving the 
Navy's signal rockets. This assignment en- 
abled him to continue his development of rocket 
theory. After the war he summarized his 
theories and experience in a paper called 
A Method of Reaching Extreme Altitudes . This 
report, published by the Smithsonian Institution 
in 1920| consisted almost entirely of equatiouSi 
formulas^ and tables, but it contained one state- 
ment of general interest. It proposed the idea 
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of multi-stage or step rockets— that is, one ment of space ships. Oberth's book discussed 

rocket carrying another^and said that by this the possibility of putting an artificial satellite 

means a rocket could be sentto the moon, ixAere into orbit around the earth. (Except for a 

it could explode a charge of flash poivder to make science-fiction story pxiblished in 1870, that 

a li^t visible from the earth. was the first time this idea had been expressed 

During the twenties and early thirties, God- in print.) Oberth believed that passengers 

dard contimied his experiments with the help could travel to and from the satellite in smaller 

of a small salary (as professor of physics "landing rockets^'' In this, way, the satellite 

at Clark University) and gnmts from the Gug- could be transformed into a manned space 

genheim and Canine Foundations. His list station, which could ultimately serve as a 

of accomplishments is impressive. We have launching point for space ships. Neither 

mentioned his idea of multi-stage rockets, Goddard nor Oberth mentioned the possible 

and his design of the tapered nozzle. He was use of rockets as military^ weapons, 
the first to suggest that a liquid-fueled rocket The German "Society for Space Travel, 

could provide the sustained thrust necessary Inc.'' was organized in 1927, with Oberth as 

for sending a vdiicle into space. He was president and Willy Ley as vice president, 

the first to actually launch a successful liquid- (WUly Ley is still probably the world's most 

fiieled rocket. (That was on 16 March, 1926; popukir author on the subjects of rockets, mis- 

the rocket reached an altitude of 184 feet.) siles, and space travel.) The society began at 

He proved, first by calculation and later by ex- once to experiment with liquid-fueled rocket en- 

periment, that rocket propulsion canbeusedina gines. The rockets carried two tanks^onegaso- 

vacuum. He was the first to fire a rocket that line and one of liquid oxygen. These two liquids 

traveled fiister than sound; he was the first to had to be fed simultaneously and in the right 

develop a gyroscopic steeHog mechanism for proportions to the combustion chamber, where 

rockets; and he was the .first to use vanes in the they were mixed and burned. Most of the at- 

Jet exhaust stream to stabilize the rocket during tempted launchings ended in failure, for one of 

the first phase of its flight. two reasons. First, liquid oxygen is extremely 

But Goddard was forced to end his «peri- cold; it froze the valves, so that they refused to 

mrats in 1935, for lack of fUnds. During open or dose at ttie proper time. Second, the 

World War H he again worked for the Navy, conibustion temperature was so hig^ that the 

this time to develop rockets to aid the takeoff rocket burned up after a few seconds. In later 

of tile Navy's flying boats. He died in 1945. experiments, the combustion chamber was sur- 

MASA's ^atlonalAeronauticsandSpaceAdmini- rounded by a cooling Jacket filled with water, 

stration) Goddard l^ce Flight Center at Green- With this model, the society launched a nuniber 

belt, Md. is Just one of many activities named of rockets that burned for about thirty seconds, 

in his honor. and reached an altitude of half a mile or more. 

A group of rocket enthusiasts, inspired by The next step was to omit the water from tbe 

Goddard's experiments, formed the American cooling Jacket, and circulate the fuel tiiroug^ the 

Rocket Society in 1930. During the thirties Jacket before burning it. When the society tried 

fliis group performed a nuniber of important to launch such a rocket, using gasoline as fuel, 

experiments with rocket motors, but their it immediately exploded. Ley suggested using 

vfotk was limited In scope by lack of money, ethyl alcohol, slightly diluted with water, in 

Hermann Oberth is a German counterpart place of gasoline. This system worked very 

of Goddard. Like Goddard, he worked on the well. The same system and the same fuel 

physics and mathematics of rocket propulsion combination were later used in the German 

daring the first World W&r. There is good V-2 missiles, the American Viking rockets, 

evldoee ttiat he independently conceived the and the rocket-propdled experimental planes 

ideft of nuitiple-slage liquid fkiel rockets. He Z-1 andX-lA. 

read Goddard's report shortly after it was The Versailles peace treaty (1919) limited the 

paAiiaiifit^ and in 1023 piAlished a book of his German army to 100,000 men; it was fotbidden 

omit caUed The Rocket into Interplanetary to have aircraft or antiaircraft guns, or field 

BptusB ^ Goddard's principal tntereK' was in artillery of more than 3-inch caliber. This 

^^i^ exj^oration of the upper atmosphwe, may explain why the German army took an 

M to Oberth, every Improvement in rocketry early interest in rocket development; the treaty 

wkm itaktj^ a step toward ttie erotual develcv* of Versailles didnH mention rockets at all. In 

. 12 fx 
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1032, the army establishod a small research 
project uQder thedirectionofCaptaiQ (later Gen- 
eral) Walter Dorhberger to develop liquid-ftieled 
rockets for use as weapons. No one in Germany 
had any experience with rocket propulsion, ex- 
cept the members of the Society for Space Travel. 
Dorriberger visited the society and hired a very 
young meniber named Werner von Braun. 

The team of Doniberger and von Braim, 
with a small staff of assistants, began to test 
rocket motors on an artillery testing range 
^near Berlin. In December of 1934, they suc- 
ceeded in firing two rockets to a hei^t of about 
6,500 feet. This news eventually filtered up 
to the high conunand. In 1936, General von 
Fritsch went to the test range for a demonstra- 
tion. The general was impressed. The riesult 
was a new and much bigger research institute— 
the Peendmunde Project, vAAtti became the 
center foi* German research, development, and 
manufacture of rbbot bonflis. After tbe war, 
von Braun came to ttke United States, where he 
has become a leader in ttiis field. 

GUIDANCE SYSTEMS 

The history of guidance systems is short. 
All of the significant developments arc recent, 
principally because the state of electronics be- 
fore the nineteen forties was relatively primi- 
tive. Maiqr of the picmeers in the fields of mis- 
sile guidance and propulsion are still actively at 
work on guided missile development. 

The Americans developed a flying bomb 
called the Bug, during the first World War. It 
was simply a pilotless aircraft, with a range 
of about 400 miles. The Bug was ready for 
production by the middle of 1918, but by that 
time it was apparent that the war would be 
over in a few months, and the Bug was never 
produced. Its accuracy would have been poor; 
it had no guidance system. But the Bi« led to 
the suggestion that pilotless aircraft could be 
cratroUed by radio. Beginning in 1924, both 
the Amqr and Navy experimrated with radio- 
controlled planes. Several moderately suc- 
cessful fU^ts were made, with the pilotless 
plane controlled by radio tram a parmt plane 
that flew nearby. This project was dropped in 
1932 for lack of money. 

In 1935, an American high-school student 
named Walter Good buUt and flew a radio- 
controlled modA airplane. This was the first 
time on record that a plane of any kind had 
bew sucoessftilly lamudiedf flown, and landed 



while under complete radio control from the 
ground. One of the problems that plagued the 
armed forces was stabilization— keeping the 
aircraft on an even keel so that it could re- 
spond properly to radio commands. Because 
a well-built model airplane is inherently stable. 
Good didn't have to worry about this problem. 
His contribution was to design and build a mini- 
ature radio receiver coupled to the control sur- 
foces through a miniature servo- system. 

The Army and Navy resumed their experi- 
ments with radio conunand during the late 
thirties, and by 1940 both had developed radio- 
controlled planes for use as target drones. 
Missiles with elementary preset and command 
guidance were used during World War n, bxit 
successful beam-riding, radar and infrared 
homing, and inertial guidance systems are all 
postwar developments. 

Althou^ the Germans had the most spec- 
tacular tactical success with guided missiles, 
our own Government made considerable prog- 
ress in research on radar homing, aerodynam- 
ics, control of glide bombs, and pilotless air- 
craft. The first homing guided missiles to be 
used successftiUy by any nation were flying BAT 
bombs, launched from Navy planes (fig. 1-1). 
The code name BAT suggests the principle on 
which it operated. Like bats, which give out 
short sound pulses and guide themselves by 
reflected echoes, the BAT missile was directed 
by radar echoes from the target. The missile 
was equipped with a radar transmitter and 
receiver which enabled it to home on ttietarget. 
Figure 1-lA shows the BAT mounted in a glider 
type of airframe. 

The Axon missile (fig. 1-lB) was controlled 
in AZimuth ONly. tt was a standard 1000-lb 
bomb fitted with an extended tail that carried a 
flare, a radio receiver, a gyro stabilizer to 
prevent roll, and rudders for steerii^ ri^^t and 
left. This air-launched missile was used witti 
great success indestroyingbridges, canal locks, 
and similar targets. 

The Felix bond) (fig.l*lC)wasautomatically 
guided by means of an infkared homii« device 
located in tts nose. WW n ended before it was 
used in conAat. 

The Roc missile (fig. 1-lD) conibined tele- 
vision equipment for transmitting a picture of 
ttie target to ttie launchiiig plane and a radio- 
.control system for guiding the missile. This was 
ttie first use of television as a method of 
guidance. The TDN, aNavymissileusedagainst 
ttie Japanese sea targets and some Aoreline 
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Figure 1-1.— Early types of guided missnes: 
A. Bat, radar guided; B. Aion, radio eoniiiiaiMl 
guidance; C. Felix bond>, Infrared homing 
guidanee; D. Roc misaile, radio*control and 
tti^nrlaion guidance. 
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targets in the South Pacific, also used television- 
radio command guidance. The Navy's air-to- 
surface guided bond), Walleye^ uses TV contrast 
homing guidance. 

GUIDED MISSILES IN WORLD WAR H 

During World War n, the Japanesedeveloped 
and used two devices of interest in the history 
of guided missiles. One of these was an air- 
laimcbed, radio-controlled, rocket-assisted 
glide bond). Its performance was limited. It 
had to be launched from a plane at low altitude, 
within two and a half miles of the target. This 
made the launching planes highly vulnerable 
to antiaircraft fire, especially after we began 
to use the proximity fiize. The Japanese 
dropped this project before the end of the war. 

The second Japanese missile was the Baka 
bomb. This was a rocket-propelled glide bomb 
designed for use against shinning. It carried 
a human suicide pilot; for this reason we 
canH call it a true guided missile. The Baka 
bomb had poor maneuverability, and because 
of this we were able to shoot down a great 
many of them with antiaircraft fire. 

Of the guided missiles used during World 
War those made by the Germans were the 
most advanced, and the most effective. The 
V-1 was developed early in the war, and was 
successfully flight tested at Peenemunde as 
early as the spriqg of 1042. By 1943, the Peene- 
munde center was working on 48 different 
antiaircraft missiles. The work was later con- 
solidated into 12 projects in an effort to get the 
missiles into production in time to influence 
the outcome of the war. 

The V-1 was a robot bomb— a pulsejet mid- 
wing monoplane with a conventional airframe 
and tail construction. It used gyro stabilization 
and preset compass guidance. It was launched 
from a ramp with the help of boosterSi and had 
to reach a speed of about 200 mph before its 
engine developed enough thrtist to keep it air- 
borne. Their 1-ton waxhead^ did serious dam- 
age, but the V-1 missiles were slow. After 
proximity ftases were rushed to Englandtocom- 
bat them, about 90% of them were brought down 
by antiaircraft fire. 

The V-2 was a large missQe, propelled by 
liquid-fuel rockets. Rs total weight at launch- 
ing was over 14 tons, includtng a 1650-pound 
warhead, ft was laundied vertically, andpreseC 
to tilt over to a 41- to 47-degree angle a short 
time after launching. Whm tt readied a speed 

if K 
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calculated to take it to the target, its propulsion 
system was shut dc>vn by radio command, and it 
then traveled a ballistic trajectory. Itsaccuracy 
was not high, and its maximum range was only 
about 200 miles. But it descended almost 
vertically on its target, at speeds of from 
1800 to about 3300 mph. No V-2 missile was 
ever intercepted, or shot down by antiaircraft 
fire. Because It was supersonic, it would hit 
the target before it was heard approaching. 

Five other German missiles which were in 
various stages of final testing when the war 
ended, are worth a brief mention: 

RheUbote was a surface-to-surface missile 
propelled by a three-stage rocket, withbooster** 
assisted take-off. It reached a speed of over 
3200 mph about 25 seconds after launching;, and 
had a range of about 135 miles. 

WasserfUl was a siqpersonlc surface-to- 
air missile, propped by a llquld-fUel rocket 
guided by radio command; ageed: 560 mph; 
range: SO miles. 

Schmetterllng was a smaller version of 
WasserfUl, Intended for use against low-altltude 
targets at ranges to 10 miles. It carried a 
55*pound warhead. 

Enzian was another surface-to-air missile, 
designed for use against large boniber forma- 
tions. It was propelled by a liquid-ftiel rocket, 
and was launched with four solld-ftiel booster 
rockets. 

The X-4 was an air-to-air missile designed 
for launching from fighter aircraft as shown 
In figure 1-2. It was propeUed by liquid-fUel 
rockets and stabilized by four fins placed sym- 
metrically. Its range was 1-1/2 miles; speed 
560 mph at an altitude of 21,000ft. The ir-4 was 
guided by commands flrom the launching aircraft, 
through a pair of fine wires that unrolled firom 
two coils mounted on tbe tips of the missile fins. 



Several missiles developed in the United 
States were menticxied above with regard to 
their guidance systems. The Army Air Corps 
began the development of guided ^ide bombs 
in 1941. These Included Azon, Razon, Tarzon, 
and Roc. Roc and Tarzon, controlled in azi- 
muth and range, were developed during WW n 
but were not used in combat. Tarzon was used 
successfully during the Korean war. 

In 1944, we carried out a glide-bomb mis- 
sion against Cologne, Germany, and a majority 
of the bombs reached the target area. In this 
same year, aircraft were used to control 
televlsion-slfl^ted, explosive-laden bombers 
(called "Weary Willies") unfit for further 
service. These radio-controlled bombers saw 
some service over Germany. 

Our first Jet-propelled missile was a radio- 
controlled fl3ring uring of the GORGON series 
of missiles; a later version was a copy of the 
German V-1, with a few improvements. 

By the end of WW n, the Navy had a nwnber 
of guided missile projects in various stages 
of development. The Gargoyle was an air- 
launched, liquid-rocket engine powered, radio- 
controlled glide bomb with a flare for visual 
tracking. Another Navy glide bomb . the Glonib, 
carried a television monitor through which the 
pilot of the launching aircraft could Observe its 
approach to the target; it was guided by radio 
conunand. The Loon was a U. S. Navy version 
of the German V-1, Intended for Aore bombard- 
ment. The Gorgon nc was propeUed by a ram- 
Jet engine, tracked by radar, and guldedby radio 
command. In 1944, the Navy assigned develop- 
ment of the Bumblebee project to the Applied 
Physics Laboratory of ftie Johns Hopkins Uni- 
versity. This project has produced Terrier, 
Talos, and Tartar. 




Fffcnre l-2.^L«imchiiig im X-4 mtssfle with wire guidance. 
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Missile developments after 
World War n 

As we have shown, the principal guided 
missile developments during World War II 
were German; the United States lagged far be- 
hind. Japanese and British missile develop- 
ments were insignificant, and as fitr as we 
know, the Russians had none at all. In 1945, 
the Russians captured most of tiie production 
engineers and technicians of the V- 2 project, 
as well as several tons of missile ata and 
perhaps a few V-2 missiles. The design staff 
of the Peenemunde project, including von Braun 
and his principal assistants, surrendered to the 
Americans rather ttmn to the Russians. We 
captured and shipped to the proving ground at 
White Sands, NewMexlco,enougbintactV-2sanl 
spare parts to make, eventually, dxnit 70 com- 
plete missiles. 

Durii« the first few years after the war, 
both American and Russian missile effort was 
partialis devoted to assimilating the German 
developments. Our own experiments with the 
captured y-2s provided valuable training for 
launcUhg crews, and valuable kn o w l edg e ot 
missile engineering. Our '^¥-2 Program*' ran 
from lAtrch 1946 to June 1951. One of tts 
principal successes was a Mgli-altitude record 
of 250 miles, achieved by a WAC-Corporal 
missile boosted by a V-2. This record stood 
for many years. 

Postwar missile developmenlhasbeen rapid. 
Mkny mUuriles are nowoperatlonal; many others 
have been Abandoned at various irtages of de- 
velopmoA, or rendered bbsolete by more ad- 
vanced weapons. We will not try to cover these 
developmenbi here; a list of dbsolete mlMUes 
would be longer ttum a list of those now cur- 
rent. 



CLASSIFICATION OF 
UNITED STATfeS MISSILES 



GENERAL 

Although missaes are popularly known by 
ttieir names, such as Sidewinder or Terrier, 
«very mtnOe Is assigned a deslgnstinn con-! 
slstii« of letters and nnmeralg. bfliedMigna- 
tlon system used unta the recent diange 
(required by DQD Dtreetlve 4000.20 and imple- 
by BUWEP S W gr 8800J), Ite first 



three letters Indicated the intended use of the 
missile: 

AAM*air-to-air missile 

ASM— air-to- surface 

AUM— air-to-underwater 

SAM— surface-to-air 

SSM— surfitce- to- surface 

UAM— underwater-to-air 

USM— underwater-to-surfoce 
These designations will not disappear from 
use in the immediate future. Publications will 
not be revised merely to change missile des- 
ignations, but the new, uniform designations 
will be used in new and in revised piiblications. 
The new designation Indicates the launch en- 
viroument (where launched and from what type 
of launch**^ device), mission, delivery vehicle 
type, design number, and series sjonbolof the 
missile. Attachment 6 to the BUWEPSINST 
lists Ihm current designation, former designa- 
tion, popular name, and service of missiles, 
rockets, and prdbes in all the United States 
services at the time of publication. New mis- 
siles and rockets are assigned the next con- 
secutive design nuniber within the appropriate 
basic mission. 

NEW DESIGNATIONS FOR MISSILES 

The foUowtaig table explains ttie new des- 
ignations and lists the Navy missiles and rockets 
with ttieir current and former designations. 

The design number is a nuniber assigned 
to eadi type of mtssUe with the nuniber ''1" 
asslgnfi< to the first missile developed. For 
examide, an five modifications of the Terrier 
mlssQe (BW-0, BW-1, BT-3, BT-3A and HT-3) 
have the design number ''2'\ Tartar missile 
modlfleations (Basic and Improved Tartar)have 
the design number ''24''. 

To Ostli^uUh between modifications of a 
missae type, series symbol letters beginning 
wUh ''A'' are anrigned. 'nierefore,,the Terrier 
BW^O has been assigned tiie syinbol letter 
''A" and ttie Terrier BW-1 has been assigned 
ttie synAol letter ''B'\ The series symbol 
letter ikfllows ttie design nmnber. Incidentally, 
to avoid conftision between letters andnunbers, 
flie letters 'T' wad ''V' wm not be used. 

U necessary^ a prefix letter Is Incloded be- 
tan fto military deslgnatlan. A list of ap- 
pHaMe pr«Rx letters Is riiown at flie bottom 
o( Hie taue on flie fdlowtag page. 

ML Navy mieeaes are assigned mark (Mk) 
and modification (Ifod)nittbers. These nundbers 
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Navy MlssUe and Rocket Designatloiis 
(Reprinted from Naval AvUUon News, September 1963) 



LAUNCH ENVIRONMENT SYMBOLS 



Utter 


Title 


Description 


A 


Air 


Air launched* 


B 


Mqlttple 


Cabbie of being launched from naore than 




one enviromnent* 


C 


CdCfln 


Horisontally stored in a protective en- 






cloeure and groond-launched. 


B 


SUo 


Vertically stored below ground level and 




Stored 


launched from the grmnd. 


L 


SUo 


VerticaUy stored and launched from be- 




Launched 


low grdund level. 


M 


UMlt 


Launched from aground vehicle or mov- 






able platform. 


P 


Soft Plad 


Partially or nonprotected in storage and 






lannchod from the ground. 


R 


SUp 


Lttunchedfrom asurfiice vesaelt euch as 




sUp, barge, etc. 


V 


Underwater 


Launcbed from a subouurine or other 






underwater device. 



Decoy 



B Special 

Electronic 



G 


Surface 




Attack 


I 


btarcept- 




Aerial 


Q 


Drone 


T 


Training 


V 


Uaderwats 




Attack 


w 


WeaHier 



MISSION SYMBOLS 

VMcleodesiffMd or modified to confiise, 
deceive, or avert enemy de fen s e s by 
simulating an attack vehicle* 

Vtfdeles dwigiw* or modified wtOi elec- 
tronic oiiulpuent for coomuaica- 
tiona» co unter m easnree» electronic 
raOation sounAng, or oUisr elec- 
tronic recording or relay mleeione. 

▼eldclfle deslpied to dMroy land or sea 
targete. 

VeUclcY designed to intercept aerial 
largsts, dt i s nel ve or oOBnolvn. 

▼tfrielea dssl^ped fdr tarfett reeon- 
nalaaance, or anrveillance purp o see . 

Vehiclee designed or permanently mod- 
ified for training parponso* 

VeUelea dssipied todestroy enemy sub- 
marines or oilier underwator targsta 
or to dotonate underwater. 

Vririclee deelgned to lAeervw, record, 
or relay meleoridoglcal I 



VBHICLiB TTPB SYMBOLS 

ITiiiuaiaieili s^tf-propoUsd 

gl0Hd to move la a traj o ct o ti or 
flight paSi an or partially above tte 
earth's svtee a ndwheao trajectory 
can be coidrolled renoti^^or h^ hom- 
bf tamrtial nO/at 



Prdbe 




i sad report dkta* 
SMf->pNpMOed 1 



Popular Name Current Designation Former Designation 



Terrier BW-0 
Terrier BW-1 
Terrier BT-3 
Terrier BT-3A 
Terrier HT-3 
Sparrow I 
Sparrow II 
Sparrow m 
Sparrcw m 
Sparrow m 
Tales (6B) 
TUos(6BW) 
Talos (6B1) 
TVilos (6BW1) 
TUoe (6C) 
ndewinder I 
adewinderXA 
Stdewtaider 
IC-8AR 
Sidewinder 

ic-m 

Bnllpnp 
Bullpop 
Biillpiip 

BoUpnp Trainer 

BuUpnp Ttainer 
mnm 

TMarBaale 
Tartar hnproved 
FolariaAl 
Polaris A2 
Polaris.A$ 



Firebee 
FIrebee 



PkM 
Redey e 

ttUUtOC 
Shrike 
Condor 
Pbosnix 



Weapon Alpha 
AflROC 



MiesUe Series 

RIM.2A 
RIM-2B 
RIM-2C 
IUM-2D 
IUM-2B 
ADi-7A 
AIM-7B 
AIM-7C 
AOI-ID 
AIM-7E 
RIM-aA 
RDi-8B 
RDi-0C 
RIM-8D 
RIM-8B 
ADf-OA 
AIM-9B 
AIM-9C 

AIM-9D 

AQM-12A 
A0M.12B 
AGM-12C 
ATM-12A 

ATM-12B 
MIM-23A 
RIM-24A 
RIM-S4B 
UQM-27A 
U(Hi-27B 
UGM-87C 
BQM-HA 
AQM-34B 
AQM-34C 
liQM-3eA 
AQM-S7A 
AQM-38B 
MQM-»A 
. XQM.4QA 
AQM-4U 
XMIM-43A 

inyM-44A 

AGM-4SA 
Atai-SSA 
AIH-S4A 
PQM-SSA 

Rotiket Serleo 

R0R-4A 
RUR-9A 



SAM-N- 
SAM-N< 
SAM-N< 
SAM-N 
SAM-N< 
AAM-N< 
AAM-N< 
AAM-N 
AAM-N 
AAM-N 
8AM-N- 
8AM-N- 
8AM-N- 
8AM-N- 
8AM-N- 
AAM-N 
AAM-N 
AAM-N 



7 
1 
•7 
•7 
7 
-3 
-3 
-6 
.6A 
-6B 
6B 
6BW 
•6B1 
>6BW1 
6C1 
-7 
-7 
-7 



AAM-N-7 

A8M-N-7 

A8M-N-7A 

A8M^N-7B 

A8M-N-7 

(Marttai-Marietta) 

A8M-N-7AUilumon) 

M-3 

8AM-N-7 
8AM-N-7 



QIC 

XDA-1 

XDA-4 

KD2R-5 

KDaB-1 

RP.78 

KDB-1 

nMG-2 

AUM-N-2 



A8M-N-10 
A8M-N-11 
AAMN-11 
CT-41 




J 
N 

X 

Y 
% 



STATUS PRBFOC SYMBOLS 
Tsst ▼^rideleeespseiallyednfifBred simply to 

they wm not hero- 

fori 



Tsstt Vefeielosso 

to 
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and the name ofthe missile constitute the official 
nomenclature approved by BuWeps. Missiles 
having two-stage propulsion systems (separate 
boosters), for instance, the Terrier and Talos, 
have one Mk and Mod number for the complete 
round. However, the individual missile and 
booster sections have their own mark and 
modification numbers. 

All missiles in service, afj well as most 
of those still under development, have been 
given popular names. Some of these names 
follow this pattern: 

AGM, AIM--Wlnged creatures. Example: 
Sparrow, Bat. 

RIM^Mythological terms. Example: Talcs. 

UGM, RGM->Astronomical terms. Ex- 
amples: Polaris, Regulus. 

At the present time, most missiles appear 
to be exceptions to the above ''rules.'' For 
example. Sidewinder and BuUpup are not winged 
creatures; Terrier is not a mythological term; 
Asroc and Alfa are not astronomical terms. 

Bfany of the air launched missiles are 
named after birds: Falcon, Quail, Hawk, Petrel, 
Redhead Roadrunner, Shrike, and Condor. Note 
that all of these except one (Quail, used as a 
decoy) are birds of prey marked by character- 
istics of swift, aggressive action, and therefore 
appropriate for missile names. 



CURRENT U.S. SERVICE MISSILES 
GENERAL 

Because of the rapid developments in ttie 
guided ndssQe Add, Qie lists glVen below will 
be out of date before yon can read fliem. Some 
of the missiles listed may have become ob- 
solete. OOers, now under devdopmenfty wm 
pnMbly be announced. 

ARMY MfSSILgS 

Nlke-A]ax (MIM) Is file Army's first super- 
sonic aatlaireraft guided mlssne. Klsdesfgned 
to intercept and dMtwy attacking enemy aircraft 
regardless of ewiatre mdOotu Niks goUed mis- 
slle units are now dsptoysd arodnd irttH iiH 
dtastrtaly Uffitf popttlitsd^ and strategic jfreas 
of fke Vnited Slates. IHbe^Jaa la dwoi 80 it. 
long and 1 ft* la diiiiietaf ^ wffli two sets of Asm 
for g nhhnc e and stserfn^* It la boosted to 
stversMilc speed I9 A MiM^prape^^ 
ana mamnunea py ^ uqaiiKinttsiisiaioermoior* 



The missile and booster together weigh more 
than a ton. There are 121aunchersln each Nike 
battery, which is operated by about 100 officers 
and men. 

Continued developmental work with the Nike 
missile has resulted In Improvements In the 
original missile. Two mods of the Nike- 
Hercules, the lilIM-14A and MIM-14B, are 
operational. Batteries of Nike-Hercules (re- 
placing the Nike-AJax) are deployed In the 
United States and In Europe (NATO countries 
only). The Nike-Hercules has a range of about 
75 miles and a weight of 10,000 pounds. It is 
capable of carriring a nuclear waxiiead; it is de- 
signed for use against either single aircraft or 
whole formations of aircraft. The missile is 
27 ft. long; the booster 14-1/2 ft. long. Both 
use solid propellant. The wartiead is provided 
with a safety feature, so that it can detonate 
only at altitudes sufHciently hl^ to prevent 
damage to friendly surrounding terrain. 

NIke-Zeus (XUM) is an antlmlssUe missUe 
equipped with a nuclear wariiead, and designed 
to d^end the United States against attack by 
enemy intercontinental ballistic mlssUes. It 
has a 200-niile range and weighs 22,800pounds. 
It is more than twice as long and three times 
greater in diameter than the Nlke-AJax. The 
''X'' In its designation Indicates that it is ex- 
perimental and not yet deployed (at time of this 
writing). 

The Nlke-X is under development; it is 
planned to intercept sifl>marlne-lannched mis- 
siles. The most advanced portions of the Nlke- 
Zeus are used in It. 

Hawk (XMtM) is designed to mtpplemBot ttie 
Nike missile system by destroying attaeklng 
aircraft at low altttodes. The launching fti- 
cUttiea are safflcienUy portable to be used by 
fast-moving condbat troops. Hawk Is propelled 
by a aolid-fkid rocket. The missile Is about 
17 ft. long, and about 14 indies in Aameter. 
R has a 28-mlle range and wetghs about 1275 
pounds. Operational mods are deployed in 
Burope, Panuna, Okinawa, and the VJB4 ad- 
vanced mods are being proddced and tested. 
Hawk -has Intereepted Corporal, Honest John, 
and LSOe Jolm roefceta In fllg^ 

Corporal (MBM) nay be ecinlpped wlA sHier 
a ntteleAr or a conveBtiooal waibead. Itwaaihe 
.firat guldeil nrtssHe capable of carrjriag a 
natfair wailiead. R can engage taetleal tai^ets 
at images of 75 ndtea or more. Corporal i^hres 
Qie Amy fidd conunander grant Hrepowar on 
fha batQefldd, andensldeaUmtDatrlkeseiactsd 
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targets deep in enemy rear areas. Corporal 
follows a ballistic trajectory during most of its 
flight; weather and visibility conditions place no 
restriction on its use. The propulsion system 
uses a liquid-ftiel rocket motor. The missile 
travels through space at several times the 
speed of sound. Corporal battalions are now 
deployed in Europe, but are being' replaced by 
the more potent Sergeant. 

Sergeant (3CMGM) is a single-stage, solid- 
propellant, ballistic guided missile intended to 
replace Corporal, with improvements in power, 
range, and accuracy. It has entirely replaced 
the first atomic artillery, the 280-mm "Atomic 
Annie," with 8-inch howitzers firing an atomic 
sheU. 

Redstone (PGM) is a supersonic single-stage 
ballistic missile with a range of about 200 miles, 
designed to extend and supplement the range and 
fire power of Army artillery. It is deployed in 
Eurt^e but is being replaced by Pershing. 

The Pershing (XBflQM) is a two-stage, 
10,00O-Ib solid-propellant missile. It is trans- 
ported on a tracked vehicle or helicopter. The 
Pershing has a 400-mile range, compared to 
the 200-nille range of the Redstone. Its war- 
head is nuclear; its trajectory is like that of an 
intercontinental ballistic missile. 

Jupiter (POM) was the Army's intermediate- 
range ballistic missile (no longer in service 
as a missile). Its range is in the order of 
1500 rnOes, and it is propelled by a liqoid- 
ftid rockst. In 1056-57 the Navy tried to make 
it a sninaarlne-laimehed missile, then decided 
ttat the liqiDid propeUant system made it nn- 
sutUble fbr sitfmiarine use, and dropped the 
project to begin development of tbe Polaris. 
The Jnpiter-C (wlOout the waxliead, <rf course), 
was used for flie Vanguard earfli satdlite pro- 
gram by p rovi din g a back-up satellite launch- 
ing capsbnUy. 

Lacrosse (MQM) Is used In close tactical 
support or ground troops. It is an all-weaflier 
missns^ propdlsd by a scdid-fMl rocketmotor, 
vrHh a maal tiaim range of 20 mQes, wad capable 
of cattylsg w^ifteads Mgbly effective in area- 
typebdsribl^g (rather flam plnpc^ It 
was deslgiied to snpplenMifty and pexteps even- 
^""^ ^ co nve B ilu n a l jM^mry. The 

LacrOMs sysCem fticlufas Oe^^infMllef a 
iMtiinaiw mounted on a staiwlyird Anny tfwcky 
and oflMr gfwsid ei|ttlpinettt« It is opentioffeai 

swop^ OK 18 ueuig pnesen %m ok invemiry , 
to be repiiccd fefy Littee^ 



Lance (XMGM) was formerly designated 
Missile B. It will replace the Honest John 
and Lacrosse. Its range is 3 to 30 miles, and 
it carries either a nuclear or a conventional 
warhead. Its hig^ mobility makes it a valuable 
aid to troops. 

Davy Crockett (MSM) may be mounted on a 
Jeep, mechanical mule, or armored personnel 
carrier, and one version may be carried by two 
men. It has a sub-kiloton nuclear wartiead and 
is meant as a defensive rather than an offensive 
weapon. 

Redeye is a new development in hand- 
carried weapons. It is a shoulder-fired, solid- 
propulsion, heat- seeking missile to be used 
against low-flying aircraft and helicopters. It 
is not operational at this time. One model is 
designed for Marine Corps use«- 

Honest John (MGR) is an unguided rocket 
type with a 12- to 20-mile range. It has a 
nuclear warhead. The Army is replacing it 
with the Lance. The Marine Corps also for- 
merly used it. 

Little John (MQR) has a 10-mile range. 
It supplements the heavy artillery in airborne 
divisions and air-transportable commands. It 
may be replaced by Lance. It may have a 
nuclear or a high explosive nonnuclearwartiead. 

The Army has several missiles to be used 
as drones for target, reconnaissance, or sur- 
veillance purposes. Redhead Roadrunner 
(MQM), Kit«fisher (AQM), and Cardinal (MQM) 
are so used. 

Two missUes acquired from ttie French are 
the SS-10 (MQM) and the SS-11 (XAGM). Both 
are wire-guided missUes, principally for anti- 
tank use. 

Other antiteidc missnesaretheEntac(MQM), 
Shillelagh (XMGM), TOW, and M-72 (LAW). 
The ShUlela^ is the first guided missile to 
be fired from a gun tube from wUdi conven- 
tional ammunition can also be fired. R is to 
be installed on the General Sheridan assault 
vehicle, and on assault helicopters. 

AIR FORCE MISSILBS 

Matador (MGM) Is a tacUcal mtssQe driven 
by a tnitx^et engine at a speed d 690 mph. R 
has'a lengOi of dboot 40 ft and a wta« span of 
about 20 ft. It can carry a radear warttead, 
and noay be guided by raiBo command or by a 
Mnrlgatlanal srstm. Rs range Is more tban 
690 miles. Tactieal missile groopn armed with 
Ibtador are nam di|doyed In ■orope and on 
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Foraosa, but no more Matador missiles are 
being procured; it is being replaced by Mace. 

Falcon (AIM) comes in several versions; 
one has radar guidance; another has infrared 
homing; still another has a hybrid infrared 
radar guidance. Falcon is a supersonic missile, 
propelled by a solid-fuel rocket. It weighs about 
100 pounds; and is about 6 ft long. One model 
carries a nuclear waxiiead. At last count, 
thirteen models were in operational or ex- 
perimental stages. Its range is about 5 nautical 
miles. 

Genie (AIR) is a rocket-propelled air de- 
fense missile that may be armed with a nuclear 
waxliead with proximity fuzing. Note that it is 
classified as a rocket, and is unguided. It was 
formerly called Ding-Doog. 

Bomarc (CIM) is a long-range air defense 
missile that can destroy attacking aircraft 
at ranges of more than 100 miles and altitudes 
above 60,000 ft. The missile is about 47 ft 
long, has a wing nput ct about 18 ft, and weighs 
about 15,000 pounds. It is launched vertically 
by soUd-fUel boosters, and is sustained inflict 
by twin ramjet engines. Bomarc B attains a 
speed of lAtch 2.7 and has a range of more than 
400 nautical miles and carries a nuclear war- 
head. 

Thor (POM) is the AirForce's intermediate- 
range ballistic misstte (IRBM). It is propelled 
by a liqiiid-fUid rocket at a speed of Ibdi 10; 
range is over 1500 miles. Thor is provided 
with an inertial guidance system. 

Thor has bem phased out as amissileand is 
being converted for space boosters. Thor Able, 
a series of multistage rockets using the Thor 
missile, has been used lor a series of lumr 
prdbn and fbr carrying a rec9verable data 
capsule (conlaining a mouse) over its 6000- 
mile flight lange. 

Atlas (POM) is anioftercontlnentalbalUatic 
missOe with a range off more flmn 5000 ndles. 
^ It is laundied by rocket engines that develop 
many tons of ttrost, and millions Qftaorsepownr^ 
within a few seconds. AUas readiesatop speed 
of about lAuA lS-»more flian 10,000 miles an 
hour. It wm descend on ftstafgstattfiat speed, 
tnm a hdgbk off dxidt 800 miles. This Inve 
llqiild-iiropdisnft missile is bnmdied vwHcaUy 
from a ftsed base. R carries a nnelear war- 
head* tt is beteg piiised out tor wtsslle'gse and 
befog devdcped as a lamdivddiflefortbe space 
prograiB* Tbe first Mercury spacecrafttootbit 
tte mx% wffll Colonel JctaH«GIenn Jr. Aboard, 
boosted iBdD ofbit Iqr an Atfas booster. 



A second liqutd-fUeled giant is the two- stage 
Titan. Titan I (HGM) and Titan n (LGM) are 
intercontinental ballistic missiles. In general. 
Titan is similar to Atlas, except that Titan has 
a second-stage motor. It has the greatest pay- 
load and range of any of our ICBMs. Titan n 
is being used for the Gemini spacecraft, which 
is a three-ton, two-man vehicle planned to 
rendezvous equipment in space and assenible 
it, and to test the effect of prolonged weight- 
lessness in man. 

One of the most publicized missiles is the 
Minuteman (LGM). As the name implies, 
readiness for prompt firing is an important 
feature. It is called a second generatioii ICBM, 
which means that it incorporates many im- 
provements over the first ICBMs, the Atlas 
and Titan. It is a 5S00-mile range, inertially 
guided, solid-propellant ballistic missile with 
three stages. Ntnhbers of Minuteman missiles 
are deployed in hardened and dispersed silos. 
Once set up and checked out, the missile is 
ready to fire at a moment's notice, requires 
very little supporting equipment, and is able 
to stand by, ready to fire, for long periods of 
time with very little maintenance. Btinuteman 
n has an improved guidance and control system 
and an improved reentry vdiicle. 

Two types of the Bilace are used by the Air 
Force, one launched from a mobile base (MOM) 
and one from hard sites (CGM). Both types are 
deployed at sites. It is an air-breathing surface- 
to-surface missile with inertial guidance. It is 
turbojet powered and may have eittier a con- 
ventional or a nuclear warhead. The B model 
has a 1200-mile range. Its predecessor was 
ttie Matador. The recoverability of traintaig 
missiles was demonstrated with theB&ce. 

QttaU (ADM) is an air-launched decoy de- 
signed to confuse enemy defenses. It is de- 
plqysd at SAC bases, tobecarriedbyB-52s. Its 
range is about 200 miles; the turbojet powered 
advanced version has a range of about 400miles. 

Hound Dog (AGM) is launched by inter- 
contlnental bond>ers. It is an air-brea£Ung, 
alr-to-surface standoff missile wltti a range 
of over SOO nautical ndles. The B version has 
a nuclear warhead, and is turbojet powered. 

MlssHes that are used by the Air Force and 
fbm Navy are BuUpup, Sidewinder^ Sparrow 
and Shrike, lliese are described in flie neit 
section. 

Jn ttie process of developing and perfecting 
nrissiles, scr^e are dropped from flie program. 
Two samples are Ihe Snarly begun dxrat flie 
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same time as the Matador, and the Rascal. The 
Snark wslb actually a pUotless aircraft and the 
Rascal wslb a rocket-powered missile. 

NAVY BOSSILES 

Sidewinder (AIM) (fig. 1-3) Is probably the 
simplest and cheapest of all guided missiles. 
It Is about 9 ft long, and weighs about 155 pounds. 
It has only about 24 moving parts, and no more 
electronic parts than a table radio. It attains 
a speed of Mach 2 relative to the launcher, and 
a range of several miles; It Is. designed to 
destroy hl^-performance aircraft from sea 
level to altitudes above 50,000 ft. It has an 
Infrared homing system. Sidewinder was named 
after a desert rattlesnake. (The Sidewinder 
snake, like all of the pit vipers, has Infrared 
receptors on Its head that enable It to detect 
the presence of prey by Its body heat.) Side- 
winder Is now the primary aixiwme missile 
used by squadrons In the Sixth Fleet In the 
Mediterranean, and ttie Seventh Fleet In the 
Western Pacific* The Sldewinder-lC version 
has an Improved rocket motor and has switch- 
able guidance, infrared or radar-guided. The 
physical appearance of the improved Side- 
winder is very similar to that of its predeces- 
sors but its performance is quite different. 
The Air Force also uses the Sidewinder missile. 

Sparrow I (AIM) is 12 ft long and wel^s 
300 pounds; it reaches a speed of Mach 2.5 
relative to the launcher, within a few seconds 
after launching. It is provided with beam- 
rider guidance, and is propelled by a solid-ftiel 
rocket. Navy planes can carry two to four of 
the missiles, and can fire them singly or in 
salvos. 

Sparrow n (AIM) was developed as an ex- 
perimental missile, and not intended to become 
operational. It has, however, been adopted for 
operational use by the Royal Canadian Air 
Force. 

Sjparrow m (AIM) is very similar to Spar- 
row I, but wiOi a much more sophisticated 
semi-active CW homing guidance system. R is 
dl^y heavier than Sparrow I^ a little faster, 
and has a longer range, n will first supplement, 
and then replaee Sjparrow I in the fleet. 

Sparrow m (AIM) Is also used by the Air 
Force. Several versions of Spa rro w m are in 
use, and researdi is co rillnuin g to improve tiie 
mlssHe ftnrther. TeiiipenitQre«-reslslant es- 
ploslvesy greater sedosr se nsHl f i t y , greater 
range, higher maximum aBitude, Increased re- 




144.1 

Figure l-3.«Pilot in hlgh-altttude flight suit 
stands beside the Sidewinder missile. 

sistance to countermeasures, and longer electri- 
cal power bum time sure improvements included 
In the Sparrow m. 

Petrel (AQM) is newly Obsolete; although a 
few ot these missfles may still be found in tfie 
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fleeti they are no longer in production. Petrel 
is a subsonic missile with radar homing^ 
powered by a turbojet engine. Its payload is 
not a warheadi but a homing torpedo. As its 
designation indicates, it is now used as a 
drone. 

Bullpup (ASM) is 11 ft long and weighs 
about 540 pounds. It is relatively inexpensivei 
simple in design, and extremely accurate. 
Bullpup is a tactical missile with a conventional 
waxiieadi designed for use by carrier-based 
aircraft against small targets suchaspiUboxeSi 
tankSi and truck convoySi in support of ground 
troops. It is powered byasolid-ftielrocketi and 
has a range of 15,000 ft at a speed of Bflach 2. 

Bullpup B is a big brother version of the 
original missile. It is longer, heavier, foster 
(with a consequently greater range) and carries 
a 1000-Ib wailiead instead of a 250-lb wartiead. 
It is not intended to replace Bullpup A, but to 
complement it. Bbny of the components are 
Interchangeable. The Bullpup B has an all- 
weather capability which the A did not have; it 
can locate and destroy its target in foul weather, 
at nig^t, or in poor visibility. 

One version of Bullpup has a prepadoged 
liquid motor and a nuclear wartiead. Several 
years of research were needed to produce a ftiel 
condbinatlon with good irtorage properties, and 
reliability, that could be handled with safety. Not 
all problems with the liquid propellant engine 
have been solved. 

Bullpup is also used by ttie Air Force. 

The ffAiffB 3 Ts-Terrier, Talos, and 
Tartar*have undergone many changes since 
ttieir inception. The Typhon program, which 
was to incorporate all three missiles into 
one system, has been set bade for ftirOier re- 
search. New research is going on to develop 
a system in which the 3 Ts can be used as part 
of a system, possibly using ttie same launching 
system. 

Our first missile sh^, ttie U.S.S. Gyatt 
(DDCkl), was equipped with Terrier nyawST 

Terrier (RIM) (fig. 1-4) is a siqmrsonic 
beam-ricttng antiaircraft missile with a range 
of more than 10 mUes. (The HT-3 Terrier 
uses send-active homing guidance.) B is 
launched by a solid-fkiel booster rocket, and 
is propelled by a soUd^fael suslainer ijo^ket. 

TeMer is «boat 15 feet loi« without its 
booster, and weighs Ul/2 tons. Terrier 
batteries have been Installsd on the guided 
mlsstle cruisers Boston, Canberra , Tdpdn,' 



Providence ^ and Springfield : the attack air- 
craft carriers Kitty Hawk, America, and Con- 
stellation; the nuciear-powered cruiser Long 
Beadh; on frigates, plus several destroyers of 
all DLG classes. 

Advanced Terrier is quite different from the 
early Terrier. A nuclear waxiiead is available 
for it, and improvements have been made in 
the conventional explosive warheads. Important 
changes have been made in the control system, 
idiich, although not a part of the missile, is 
indispensable for its operational use. 

Althou^ considerably smaller, the Tartar 
(tllM) is similar in function to Terrier, except 
that it is propelled by a dual-thrust rocket, and 
is launched without a separate booster. The 
Tartar system, designed for DD's, is installed 
aboard the guided missile destroyers nunibers 
2 through 24, and aboard the cruisers Chicago , 
Columbus, and ABb^ . At present writing, six 
destroyer escorts (Dks) also are to be armed 
with Tartar missiles. On cruisers, it supple- 
ments the Talos missile. Its launching system 
is compact and lapid firing, which makes it 
adaptable to destroyers, and even smaller 
ships. Figure 1-5 shows a Tartar missile 
leaving the launcher, which holds two missiles. 
A smaller model launcher holds only one 
Tartar missile at a time. 

Talos* (RIM) (fig. 1-6) is a two-stage mis- 
sile designed to bring down enemy aircraft 
and missiles at ranges of 65 miles or more. 
It is 20 feet loi«, and welfl^s 1-1/2 tons. It is 
launched with solid-fbel boosters, and is sus- 
tained in flight by a ramjet; it reaches a speed 
in excess of Mach 2 within about 10 seconds of 
launching. It can be used with either a nuclear 
warhead or a conven ti onal wartiead. During the 
first part of its fli^t, Talos is a beam rider. 
As it approaches its target, it switches over 
to homing guidance. Talos systems are installed 
on the cruisers Oalvestyu Little Rock, Okla- 
homa Ctty, ABhany , CflmhbuS t Chicago ^ and 
Long Beach. 

'Pblarir (trOM) (fig. 1-7) is the Navy's 
intermediate-range ballisUc missile, wifli a 
range up to 2500 miles. It is designed fbr 
laundiing either tnm surCace Mps or tram 
sUbmei^ed sifcmarines, for bombardment of 
shore targets. It is propdled by solid faA. At 
present, nineteen submarines capable of laundi- 
ing Pdaris are operational. Each sitaartne 
carries 16 missnes. At fiiis time, devdop- 
menlal work on the Polaris is centered on im- 
provement of the stftmarine-laundied missile. 
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Three versions of Polaris have been de- 
veloped: A-1, A-2, and A-S. TheA-landA-2 
are operational; the A- 3 has been successftdly 
tested and soon will be aboard sidlimarines, 
replacing the older mods. The Poseidon missile 
is being developed from the Polaris technology. 

The increase in range^ from 1500 miles for 
the A-1 to over 2500 miles for the A-S, is one 
of the most striking improvements^ With ttieir 
nuclear vnulieadSi Polaris siimiaiines can de- 
liver a blow on the enemy whidi can •uniinq f^ 
several large industrial areas within ndmtes 
alter an attack on the United Mates. 



The emphasis currently is on antisubmarine 
warfare (ASW)^ and several weapons are being 
developed or improvcfd. 

Althou^ Asroc CRUR)isnotaguidedmissUe, 
but a rocket-propelled torpedo or a depth 
charge, it is one of Oie important missiles of 
the Navy. It is part of ttie missile armament 
of many destroyers, including destroyer escorts, 
and of four cruisers. One form of the Asroc 
is a surface-ship launched, roeket-propeUed 
homing torpedo and Oie other is a nuclear deptti 
charge, also rocket propelled. Both forms can 
be fired from ttie same deck-emplaced launcher. 
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Figure 1-5.— Tartar misalle leaving launcher. 



Some destroyers have the DASH (Destroyer 
Anti-Sifl>niarine Helicopter) system, ixibich de- 
livers the Asroc to the tsirget by means of a 
remote-controlled helicopter. An Advanced 
Asroc is under development. 

Tv90 other antisubmarine weapons are ttke 
Astor and Subroc (UUM). Astor is a wire- 
guided torpedo and Subroc is a submarine 
rocket fired from a torpedo tidbe. Scibroc was 
Installed on the iU-fiited submarine Thresher> 
and Im being hurtalled on ottier submarines of tiie 
Thrertier class. 

An antisubmarine surface-to-underwater 
missile developed andbuHt in Norway, the Teme, 
is being purchased by the Navy to install 
on two destroyer escorts, ft is comparable 



to our Weqxm Alfa (formerly called Weapon 
Able), which is being {diased out. 

Other missiles of the Navy in various stages 
of development and use are: 

Shrike (AOM), an antiradiation missile witti 
passive radarhoming,wtiich was formerly called 
ARM. The Air Force also plans to use it. 

Walleye (AOM), an air-to-surface glide bondb 
with TV guidance controlled by a pilot in the 
mother plane, no propulsion, but a powerful 
conventional warhead. It has diown amazing 
accuracy at a range 6t several miles. 

;a Zuni, a Navy and Iburine Corps rocket, 
air-to-surflice, has a 5-mile range. It can be 
formed wttti various heads, including flares, 
fragmentation, and armor piercing. 



20 . . . 
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Figure l-6.-Tal08 missiles on launcher aboard ship. 



3.143 



Condor (AOM) la a long-rai«e missUe de- 
signed to enable aircraft to destroy tactical 
targets \«hile outside the range of enemy de- 
fenses. A gyro-stabilized television camera 
is the target seeker. 



Phooilx (AIM) is a long-range air-to-air 
missile designed to be carried by tte TFX 
Navy plane. 

Figure 1-8 shows the configurations of 
some Navy missiles and rockets. 
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JFlgure l-8.-Navy missiles and rockets; comparative sizes and silhouettes. 



CHAPTER 2 



FACTORS AFFECTING MISSILE FLIGHT 



A. INTRODUCTION 



GENERAL 



A guided missile^ by deflnttioiii flies above 
the surface of the earth. Aerodynamic long- 
range missiles^ as well as all missiles of short 
and medium range, are subject throughout their 
flight to the forces imposed by the earth's at- 
mosphere. Ballistic missiles, though they 
follow a trajectory that takes them into space,* 
must climb through the atmosidiere after launch- 
ing, and must descend through it before strik- 
ing the target. All missiles are subject to 
gravitational and inertial forces. This chapter 
will briefly discuss the princ4>al forces that 
act on a guided missile during its flight. It 
will show how the missile trajectory may be 
controUed by designing the missile airframe 
and control surfaces to utilize or overcome 
the forces acting on them. 

Before proceeding further, some brief def- 
initions may be helpful. 

Aerodynamics may be defined as the science 
that deals with the motion of air and other 
gases, and with the forces acting on bodies mov- 
ing through these gases. An aerodynamic mis- 
sile is one that uses aerodynamip forces to 
maintain its flight path. A ballistic n^issile 
does not depend upon aerodynamic surfaces to 
produce lift; it follows a ballistic trajectory 
after thrust (from its booster) is terminated. 
A guided missile can alter its flight path by 
means of Internal or external mechanisms. 

The earth's atmosphere is a gaseous en- 
velope surrounding the earth to a height of 
roughly 250 miles. Tlie characteristics and 
properties of the atmosidiere change ydth al- 
titiide, and therefore missile flight is affei^ted 
differently. 

An imderstanding of missile aerodynamics 
requires a familiarity with several of the 
basic laws of physics. These laws will be 



briefly summarized. A detailed study of air in 
motion, and the mathematical analysis of the 
various forces present, are beycxid the scope 
of this text. The discussion will be general 
and qualitative, and no mathematical develop- 
ment will be attempted. 

In general, missile aerodynamics are the 
same for both subsonic and supersonic flight. 
The basic requirement is conmicxi to all craft 
Intended to fly: in order to fly succes9fully, 
the craft must be aerodynamically sound. But 
the high speeds and high altitudes attained by 
current guided missiles give rise to new prob- 
lems not encountered by most convoxtional air- 
craft. An example is the shock wave that is 
produced vdien a Hying object attains the speed 
of sound. Problems of oxygen simply for air 
breathing missiles arise at hig^ altitudes, and 
problems of skin heating by fricticxi with the air 
arise at high speeds, and upon reentry into the 
earth's atmosphere. 



THE ATMOSPHERE 

As menticxied above, the earth's atmosphere 
extends upward about 250 miles. Althouc^ there 
are some differences of opinion as to vAiere the 
atmosphere ends and space begins, the limit 
defined ^is generally accepted. The atmosphere 
is quite definitely divided into three layers, 
troposphere, stratosidiere, and icRiosiAere (fig. 
2rl)i each with its distinct characteristics. 

CHARACTERISTICS OF THE ATMOSPHERE 

One of the most Important characteristics 
of the atmo^here is the change In air density 
with a change in altitude. 

With increasing altitudes the density of the 
air df9Creases significantly. At sea level, the 
doisity of air is about .076 pound per cubic 
foot. At 20,000 feet, air density is only about 
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Figure 2-1.— Atmospheric regions. 



.0405 pound per cubic foot. Because of the 
gradual decrease in air density with altitude, 
a missile nying at 35,000 feet encounters less 
air resistance— that is, has less DRAG-than 
does a missile flying close to sea level. 

The absolute pressure existing at any point 
in the atmosphere also varies with altitude. 
The pressure acting an each square inch of the 
earth's surface at sea level is actually the 
weight of a column of air one inch square, ex* 
tending from sea level to the outer limits of the 
atmosphere. On a mountain top, this column of 
air would be shorter, and thus the weight (pres- 
sure) acting on each square inch would btless. 
Therefore, absolute pressure decreases with 
increased altitudes. 

Another characteristic of the atmosphere 
which varies with altitude is temperature (see 
figure 2-2). However, unlike density and pres- 
sure, temperature does not vary directly with 
altitude. From sea level to about 10 miles, the 
temperature drops steadily at a rate of approxi- 
mately 3 1/2'' F per thousand f eet| It then re- 
mains &iriy constant at -e?"" f up to About 
105,000 feet. Then it increases at a steady rate 
until another cbnstant-tldinperatur^ zone is 
reached. Thiib zone lasts for several miles, at 
which point the temperature starts decreasing. 



The procedure then repeats itself— that is, a 
second temperature minimum is reached, and 
then, after a short constant-temperature zone, 
it starts rising again. These temperature mini- 
mums mark the boundaries between the three 
regions of the atmosphere: the troposphere, the 
stratosphere, and the ionosphere, shown in 
figure 2-1. 

LAYERS OF THE ATMOSPHERE 
Troposphere 

The troposphere is the lowest layer of the 
atmosphere and extends from the surface of the 
earth to a height of 10 miles. It is made up of 
90% nitrogen and oxygen by volume, and accounts 
for three-fourths of the weight of the atmos- 
phere. Within this layer temperature decreases 
with altitude, and it is in this layer that clouds, 
snow, rain, and the seasonal changes exist. 

Because of the high density of the tropo- 
sphere, aerodynamic surfaces can be used ef- 
ficiently to control missiles in this regicxi, and 
propellers are practical for low. speed power 
plants. However, this high density causes a 
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Figure 2-2.>Temperature varies indirectly 
\vith altitude. 
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large amount of drag. The dense lower atmos«- 
phere slowed down the German V<-2 from 3300 
to 1800 mph. At extremely high speeds the fric- 
tion caused by this dense air produces suchhigh 
skin temperatures that ordinary metals melt. 

Stratosphere 

The stratosphere is the layer of air above 
the troposphere. Its upper limits are around 40 
to 50 miles above sea level. In this region 
temperature no longer decreases with altitude 
but stays nearly constant and actually begins to 
increase In the upper levels. Higher tempera- 
tures in the upper levels are caused by ozcxie, 
which is heated by ultraviolet radiation from the 
sun. (Ozone is a gas urtiich is produced when 
electricity is discharged through oxygen.) The 
composition of the stratosphere is similar to 
that of the troposphere; however, there is prac- 
tically no moisture in the stratosphere. 
Propeller-driven vehicles cannot penetrate this 
region because of the low air density, and 
aerodjrnamic surfoces have greatly reduced 
effect in controlling missiles. 

Ionosphere 

Above the stratosphere and ranging up to 
about 250 miles above sea level is the iono- 
sphere. This is a region rich in ozone and 
consists of a series of electrified layers. The 
ionosphere is extremely important because of 
its ability to refract (bend) radio waves. This 
property enables a radio transmitter to send 
waves to the opposite side of the world by a 
series of refractions and reflections taldng 
place in the ionosphere and at the surface of 
the earth. 

The characteristics of the ionosphere vary 
with daylight and darkness, and also with the 
four seasons* Until recent years we have 
known very little about the physical character- 
istics of this region. During the past few years 
many instrument-tcariying roiskets have been 
sent , into the . ionosphere to obtain information 
about the temperatures, the pressures, the 
composition of ttie air, and the electrical char- 
acteristics of the various layers. 

The lower part of the lonosiphef e (20 to 60 
miles up) is sometimes caUedthechemosphere. 

Higher Atmospheres 

The reaches of space beyond the ionosphere 
have not been fully explored and much of the 



information about them is conjecture. The 
sphere or layer inunediately above the ionos- 
phere has been named the mesophere and is 
believed to contain many mesons and other 
cosmic particles. A meson is an unstable 
particle, between electron and proton in mass, 
first observed in cosmic rays. Two types 
have been identified asmescxis, ir mesonsand m 
mesons. Some are positively charged, and 
evidence indicates that some are neutral. An- 
other theory is that mesons are the binding 
energy between protons and neutrons. 

Space beyond 600 miles is called the exos- 
phere. It is approximately 1/3000 of the earth's 
atmosphere in terms of mass. Air particles 
are few and far apart in this area. 

Much information about the upper air has 
been transmitted to earth from orbiting satel- 
lites, v^ich carried instruments to measure 
radiatton, temperature, meteorites and micro- 
meteorites, and weather information* 



PHYSICS OF FLIGHT 

FORCES ACTING ON A MISSILE 
IN FLIGHT 

The flight path of a missile is determined 
by the forces acting upon it. Some of these 
forces are ' due to nature; others are man 
made. The natural forces are not fUUy con- 
trollable but their action on the missile can be 
modified by causing the missile to fly slower 
or faster, higher or lower, adding (or remov- 
ing) control surfaces such as wings and fins, 
increasing the propelling force, and similar 
control. Although natural forces are not fully 
controllable, they are to a considerable extent 
predictable. Various combinations of natural 
forces and manmade forces produce different 
effects on the missile flight path. 

Gravity, friction, air resistance, and other 
factors produce forces that act on all parts of 
a missile moving tlirough the air. One such 
force is that yOilch the missile exerts on the 
air as it moves through it. In opposition to 
this is the force that the air delivers to the 
missile. The force of gravity constantly at- 
tracts the missile toward the earth, and the 
taiissile must exert a corresponding upward 
force to remain in flight. 

Figure v2-SA illustrates the forces acting on 
a ^ body in level flight through the air, at a 
uniform speed. Note that the force tending to 
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Figure 2<-3*-Forces acting on a body moving through air: A. Equal forces; B. Unequal forces. 



produce motion (toward the left) exactly bal*- 
ances that resisting the motion. The force of 
gravity is exactly opposed by the lifting force. 
In accordance with Newton's first law (dis- 
cussed below)i a moving body on ^ich all 
forces are balanced will continue to move in 
the same direction and at the same speed. 

Figure 2-3B illustrates the effect of unbal- 
anced forces acting on a body. The length of 
the arrows is proportional to the respective 
magnitude of the forces, and the arro^eads 
point in the directicxi in which these forces 
are applied. The illustration shows that forces 
A and B are equal and opposite, and that C and 
D are equal and opposite. But force F is opposite 
to and greater than force E. As a result, the 
body shown will accelerate in the direction of 
I force F. This figure is an example of vector 
representation of the forces acting on a body. 
Any number of forces may be shown by vector 
representation. They can be resolved, or 
simplified, into resultant force that is the net 
effect of all the forces applied. 

Note that jh the illustration, forces are acting 
on a spherical body. By changing the share of 
the boc^ acted upon, the action of the forces can 
be modified. These effects are discussed later 
in the chapter. 



RELATIVITY OF MOTION 

To an bbserver standing on the ground and 
watching the flight of a missile through the air, 
it appears that the missile is moving and the 
air standing still. It would seem that the oppos- 



ing force exerted by the air is entirely the 
result of the missile motion through it. But if 
it were possible for an observer to ride the 
missile itself, it would appear that the missile 
is standing still, and that the air is moving 
past the missile athlgh speed. 

This Illustrates the basic concept of rela- 
tivity of motion. The forces that the air exerts 
on the missile are the same, regardless of 
vdiich is considered to be in motion. The force 
exerted by the air on an object does not depend 
on the absolute velocity of either but only on 
the relative velocities between them. This 
principle can be put to good use in the study of 
missile aerodynamics, and in the design of 
missile airframe^ and control surfaces. In a 
wind tunnel, the missile or model remains 
stationary, ^ile air moves past it at high 
speed. The measured forces are the same as 
those that would result if the missile, or model, 
were moving at the same relative speed through 
a stationary mass of air. 

NEWTON'S LAWS OF MOTION 

Although Newton lived longbefore the missile 
and space age (1642-1727), the laws of motion 
vAiich he discovered and formulated are valid 
for missiles and other objects passing through 
the atmosphere. 

Newton's first law states: ''A body in a 
state of rest remains at rest, and a body in 
motion remains in uniform motion, unless 
acted upon by some outside force.* This means 
that if an cbject is in motion, it will continue 
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in the same direction and at the same speed 
until some unbalanced force is applied. And, 
whenever there are unbalanced forces acting 
on an object, that object must change its state 
of motion. For example, if you were to pudi 
against a book lying on a table, you would have 
to supply sufficient force to overcome friction 
in order to set the book in motion. If you 
would eliminate all of the restraining forces 
acting on the book once it is in motion, it would 
continue to move imlformly imtll acted upon by 
some outside force. It is these restraining 
forces with which we are mainly concerned in 
the study of aerodynamics. 

Newton's second law states: ""The rate of 
change in momentum of an object is propor- 
tional to the force acting on the object, and in 
the direction of the force.* The momentum of 
an object may be defined as the force that 
object would exert to resist any change of it^ 
motion. 

Newtorfs third law states: "To every action 
there is an equal and opposite reaction.* This 
law means that vdien a force is applied to any 
object, there must be a reaction opposite to 
and equal to the applied force. If an object is 
in motion, and we try to change either the 
direction or rate of that motion, the object 
will ^ert an equal and opposite force. That 
force is directly proportional to the mass of 
the object, and to the change in its velocity. 
This can be stated as: 



Force = Mass times Acceleration, 

or 

F = ma 

Thus any object in motion Is capable of exert- 
ing a force. Whenever a force is applied through 
a distance, it does work. We can express this 
as: 

Work = Force times Distance 

or 

W = Fd 

Any mass that is in motion is capable of 
applying a force over a distance, and there- 
fore of doing work. Whenever the motion of a 
mass is changed, there is, in accordance with 
Newton* s second law, a change in momentum. 

LIFT AND DRAG 

Figure 2-4 represents a flat surface mov- 
ing through an airstream. In accordance with 
the principle of relativity, the forces acting on 
the »ur&ice are the same, cegardless of whether 
we tlitinkofthe surface as moving to the left, or of 
the ai^*stream as moving to the right. One of 
the forces acting on the surface is that produced 
by friction with the air. This force acts in a 
direction parallel to the surface, aslndicatedby 
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the small white arrow at the lower right. As the 
air strikes the surface, the air wlU be deflected 
downward. Becausethealrhas mass, this change 
In Its motion will result in a force applied to the 
surfoce. This force acts at a right angle to the 
surfoce, as Indicated by the long black arrow In 
figure 2-4. The resultant of the frlctlonal and 
deflection forces, Indicating the net effect of the 
two. Is represented by the long \i^ite arrow. The 
horizontal component of this force operating in 
a direction opposite to the motion of the surface. 
Is drag. The vertical force, operating upward. 
Is lift. The angle that the moving surface makes 
with the alrstream Is the angle of attack. This 
angle affects both the frlctlonal and the deflection 
force, and therefore affects both lift and drag. 

Another scientist, Daniel Bernoulli (1700- 
1782), discovered that the total energy in any 
system remains constant. That Is, U one ele- 
ment In any energy system Is decreased, another 
Increases to counterbalance It. 

This Is called Bernoulli's theorem. Air 
flowing past the fuselage or over the wing of a 
guided missile forms a system to y*lch this 
theorem can be applied. The energy In a given 
air mass Is the product of Its pressure and Its 
velocity. If the energy Is to remain constant, 
It follows that a decrease In velocity wUl produce 
an Increase In pressure, and that an Increase In 
velocity wUl produce a decrease in pressure. 

Figure 2-5 represents the flow of air over 
a wing, section. Note that the air that passes 
oyer the wing must travel a greater distance 
than air passing under It. Since the two parts 
of the alrstream reach the trailing ec^e of the 
wtag at the same time, the air that flows over 
the wing must move faster than the air that 
flows under. In accordance with Bernoulli's 
theorem, this results In a lower pressure on 



the top than on the bottom of the wing. This 
pressure differential tends to force the wing 
upward, and gives It lift. 

Figure 2-5 represents the general shape 
of a section of the wing of a conventional air- 
craft. In such an aircraft, the major part of 
the necessary lift is provided, by the Bernoulli 
effect. As we will explain later, a wing of this 
shape is not suitable j6t use on missiles flying 
at or above the speed of sound. None of the 
Navy missiles listed in chapter 1 depends on 
a wing of this shape for lift. AU of them get 
the necessary lift entirely from the angle of 
attack, as illustrated in figure 2-4. 

Air tends to cling to the surface of the plane. 
This thin region of nearly static air is called a 
boundary layer. Within the boundary layer the 
fluid velocity ranges from zero at body surface 
to free-stream velocity a short distance away. 
Sudden changes in velocity, density, and pres- 
sure cause disturbance waves in tha flow in the 
boundary layer. If the flow is smooth, it is said 
to be -laminar;* if it is disturbed it is called 
"turbulent," and skin friction is greater than in 
laminar flow. If the surface is rough, the turbu- 
lent layer is increased and skin friction is 
greater. Even a comparatively insignificant 
proturbance on the surface, such as rivet heads, 
can produce turbulent flow. The term "stream- 
lining" has come to describe the technique of 
designing shapes to give low resistance or drag 
and prevent or delay boundary-layer turbulence. 
In supersonic conditions the formation of shock 
waves causes the boundary layer to thicken at 
the point of contact with the shock wave and 
aerodynamic pressure can be transmitted for- 
ward throug^itheboundary layer. Boundary layer 
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Figure 2-6.«Forces acting on a moving missile. 
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effects and shock ^ves are present side by side 
in supersonic flow and their effects contribute 
to each other. A very small shock wave is 
sufficient to disturb the flow over an entire wing 
surface behind it. Since lift depends on the flow 
of air past the surface, reduction inflow produc- 
es a reduction in lift The boundary layer effect 
has been reduced by using highly pcdished sur- 
f aceS| asfree as possible from any irregularities. 
A complete and precise theoretical e3q;dlanation 
of the processeswhich cause alaminary boundary 
to become turbulent has not been formulated. 

AERODYNAMIC FORCES 
All present day guided missiles have at 
least part of their Olght paths within the earth's 
atmosphere; therefore it is important that you 
understand the principles of aerodynamics. 

The principal forces acting on a missile in 
level inight are THRUST, DRAG, WEIGHT, and 
LIFT. Like any force, each of these is a vector 
quantity which has magnitude (length) and direc- 
tion. These forces are illustrated infigure 2-6. 

When the missile is not flying in a straight 
line, aninertial force, termed centrifugal force, 
acts on the missile. In a turn maneuver, this 
causes an acceleration greater than gravity, and 
the missile weight and centrifugal force combine 
to form the resultant force. 



TERMINOLOGY 

A discussion of the problems of aerody- 
namic forces involves the use of several flight 
terms that require explanation. The following 
definitions are intended to be as simple and 
basic as possible. They are not necessarily 
the definitions an aeronautical engineer would 
use. 

.AIRFOIL. An air^o^ is any structure around 
which air flows in a manner that is useful in 
controlling flight. The airfoils of a guided 
missile are its wings or fins, its tall surfitces, 
and its fuselage. 

DRAG is the resistance of an object to the 
flow of air around it; It is due in part to the 
boimdary layer, and in part to the piling up of 
air in front of the object. One of the problems 
of missile design is to reduce drag while 
maintaining the required lift and stability. 

STREABfLINES are lines repreisenting the 
path of air particles as they flow past an object, 
as shown in figure 2-5. 



ATTITUDE. This term refers to the orien- 
tation of a missUe with respect to a selected 
reference. 

STABILITY. A stable body is one that 
returns to its initial position after it has been 
disturbed by some outside force. If outside 
forces disturb a stable missUe from its normal 
flight attitude, the missile tends to return to 
its original attitude ^ when the outside forces 
are removed. If a body, when disturbed from 
its original position, assumes a new position 
and neither returns to its origin nor moves 
any farther from it, the body is said to be 
neutrally stable. If the attitude of a neutraUy 
stable missile is changed by m outside force 
or by a change in its controls, the missile 
remains in the new position until other forces 
influence it. 

A third type of stability is negative stability, 
or instability. In this case a body displaced 
from its original position tends to move even 
farther away. For example, if an unstable air- 
craft is put into a clindt), it tends to climb more 
and more steeply until it stalls. 

MISSILE MOTIONS. Like any moving body, 
the guided missile executes two basic kinds of 
motions: ROTATION and TRANSLATION. In 
pure rotation all parts of the body pivot about 
an imaginary axis passing through the center of 
gravity (fig. 2-7), describing concentric circles 
around the axis. In movements of translation 
(linear motions), the center of gravity moves 
along a line and all the separate parts follow 
lines parallel to the path of the center of gravity. 
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Figure 2-7.-Missile axes; flight attitude of 
a guided missile. 
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All the partshavethesamevelocityandthe same 
direction of movement, as in forward movement. 
Any possible motion of the body is composed of 
one or the other of these moticxis, or is a com- 
bination of the two. 

The three axes of rotational movement are 
represented in figure 2-7 as pitch, yaw, and 
roll. The missile ROLLS, or twists, about the 
longitudinal axis, the reference line running 
through the nose and taU. It YAWS, or turns to 
right of left, about the vertical axis. PITCH, or 
turning up or down, is a rotation about the lateral 
axis, ttie reference line in the horizontal plane 
running perpendicular to the line of flight. 
Rotary motions about any of these three axes are 
governed by the steering devices of the missile, 
such as the aerodynamic control surfaces. A 
fourth motion is necessary for control as well as 
for flight. This is the motion of translation, the 
forward movement resulting from the thrust 
provided by the propulsion system. 

AXES. A missile in normal level flight can 
be considered to move about three axes, as 
shown in figure 2-7. Whenever there is a dis- 
placement of a missile about any of these three 
axes, the missile may do any one of the follow- 
ing: 

1. It may oscillate about the axis (oscilla- 
tion). 

2. It may increase its displacement and get 
out of control. 

3. It may return to its original position 
readily, without oscillation (damping). 

The last possibility, which indicates a stable 
missile, is the one desired. We will show later 
how this problem of stabUity is met in missUe 
design. 

EFFECTS OF AERODYNAMIC FORCES 

The aerodynamic forces-lift, drag, weight, 
and thrust-must all be considered in missile 
design in order to take advantage of the forces 
and make the missile fly as intended. 

Lift 

Lift is produced by means of pressure dif- 
ferences. There are dynamic preissures, or the 
pressure of air in motion, aM differences in 
the static pressure of the atmosphere^ "wbith is 
exerted by the weifi^t of the column of air above 
the missile. Dynamic pressure is the primary 
factor contributing to lift. ;The air pressure on 
the upper surface of an airfoU (wiiig) must be 



less than the pressure on the underside. The 
amount of lifting force provided is dependent to 
a large extent on the shape of the wing. Addi- 
tional factors ^ich determine the amount of lift 
are the wing area, the angle at which the wing 
surface is inclined to the airstream, and the 
density and speed of the air passing around it. 
The airfoil that gives the greatest lift with the 
least drag in subsonic flight has a shape similar 
to the one illustrated in figure 2-8. 

Some of the standard terms applied to air- 
foUs are included in the sketch. The fbremost 
edge of the wing is called the leading edge, and 
that at the rear the trailing edge (fig. 2-8A). A 
straight line between the leading and the trailing 
edges is called the chord. The distance from 
one wingtip to the other (not shown) is known as 
the SPAN. The ratio of the span to the average 
chord is the ASPECT RATIO. The angle of 
incidence (fig. 2-8B) is the angle between the 
wing chord and the longitudinal axis of theftise- 
lage. In figure 2-8C, the large arrow indicates 
the relative wind, the direction of the airflow 
with reference to the moving airfoil. The angle 
of attack is the angle between the chord and the 
direction of the relative wind. 

Center of Pressure 

The relative wind strikes the tilted surface, 
and as the ai^ flows around the wing, different 
amounts of mting force are exerted on various 
points of the airfoil. The sum (resultant) of all 
these forces is equivalent to a single force 




Figure 2-8.-»Standard nomenclature applied 
to airfoils. 
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acting at a single point and in a particular 
direction. This point is called the center of 
pressure. From it, lift can be considered to 
be directed perpendicular to the direction of 
the relative wind. 

The dynamic or impact force of the wind 
against the lower surfoce of the airfoil also 
contributes to lift, but no more than one-third 
of the total lift effect is provided by this impact 
force. 

As we have shown, the resultant force on a 
wing can be resolved into forces perpendicular 
and parallel to the relative wind; these com- 
ponents are lift and drag. If a missile is to 
continue in level flight, its total lift must equal 
its weight. As the angle of attack increases, the 
lift increases until it reaches a maximum value. 
At the-angle of maximum lift, the air no longer 
flows evenly over the wing, but tends to break 
away from it. This breaktag away (the burble 
point) occurs at the stalling angle. If the 
angle of attack is increased further, both lifting 
force and airspeed decrease rapidly. 

Angle of Attack 

In actual flight, a change in the ang^e of 
attack will change the airspeed. But if for 
test purposes we maintain a constant velocity 
of the airstream while changing the angle of 
attack, the results on a nonsymmetrical wing 
will be as shown in figure 2-9. The sketches 
show a wing section at various angles of 
attack, and the effect of these different angles 
on the resultant force and the position o; the 
center of pressure. 

The burble point referred to in the lower 
sketch is the point at which airflow over the 
upper surface becomes rou(^, causing an 
uneven distribution of pressure. The burble 
point is generally reached ^en the angle of 
attack is increased to about 18^ or 20^ At this 
angle of attack the separation point is placed so 
near the leading edge that the upper airflow is 
disrupted and the wing is in a stall (fig. 2-9D). 
At moderately high angles of attack, the flowing 
air can follow the initial turn of the leading edge 
but it caimbt foUow the wingcotitour completely; 
then the stream separates from the surface near 
the traUing edge (fig. 2-9C). At smaUangles of 
attack, the resultant is comparatively small. Its 
direction is upward and back from the vertical, 
and its center of pressure is weU back from the 
leading edge. Note that the center of preissure 
changes with the angle of attack, and the resultant 
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Figure 2-9.— Effect of angle of attack on center 
of pressure and air flow. 



has an upward and backward direction (fig. 
2-9)). At a positive angle of attack of about 3"^ 
or 4**, the resultant has its most nearly vertical 
direction (fig. 2-9A). Either increasing or de- 
creasing the angle causes the direction of the 
resultant to move farther from the vertical. 

Drag 

Drag is the resistance of air to motion through 
tt. The drag comppnent of the resultant force on 
a wing is the component parallel to the direction 
of motion. This force riBsiststhe forward motion 
of the missile. If the missile is to fly, drag must 
be overcome by thrust— the force tending to push 
the missile forward. Drag depends on the missile 
area, the air density, and the square of the 
velocity. Air resists the motion of all parts of 
the missile, including the wings, fuselage, tail 
airfoils, and other surfaces. The resistance to 
those parts that contribute lift to the missile is 
called induced drag. The resistance to all parts 
ttiat do not contribute lUt is parasitic drag. 

From Newton's laws, we know two things: 
First, if ail the forces applied to a missile are 
ih balance, ttien If the missile is stationary 
it will remain so; if it is moving, it will con- 
tinue to move in the same direction at the 
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same speed until an outside force is applied 
to it. Second, if an unbalanced force— one not 
counteracted by an equal and opposite force- 
is applied to the missile, it wiU accelerate 
in the direction of the unbalanced force. 



Thrust 



second. The horsepower expended by a missile 
in uniform forward motion is then 

h„ _ DV 
•»P- 550 

where D is the drag in pounds, and V the speed 
in feet per second. 



At the instant of launching, missile speed 
is zero, and there is no drag. (We will, for 
the moment, disregard air-launched missUes.) 
The force of thrust developed by the propulsion 
system wUl be unbalanced, and as a result the 
missile will accelerate in the direction of 
thrust. (A solid-fuel rocket develops full 
thrust almost instantiy. When a long-range 
liquid-fuel rocket is launched, it may be 
physically held down until its ei^lnes have 
developed sufficient thrust.) When thrust-weight 
ratio reaches its maximum value, acceleration 
of the missile is at a maximum. But, during the 
launching phase, missile speed quickly in- 
creases. Because drag is proportional to the 
square of the speed, drag increases very rapidly. 
The force of thrust is thus opposed by a progres- 
sively increasing force <rf drag. The missUe will 
continue to increase in speed, but its acceleration 
(rate of increase of speed) will steadily decline. 
This decline wiU continue untU thrust and drag 
are exactly in balance; the missile will then fly 
at a uniform speed as long as itsthrust remains 
constant. 

If the propulsive thrust is decreased for any 
reason (such as a command from the guidance 
system, or incipient fuel exhaustion) the force 
of drag will exceed the thrust. The missile 
wUl slow down untU thetwoareagain in balance. 
When the missile fuel is e^diausted, or the 
propulsion system is shut down by the guidance 
system, there is no more thrust. The force of 
drag will then be unbalanced, and will cause a 
negative acceleration, resulting in a decrease 
in speed. But, as the speed decreases, drag will 
also decrease. Thus the rate of decrease in 
speed also decreases. A missUe wiU maintain 
a uniform forward motion when thrust and drag 
are equal. The power required to maintain 
uniform forward motion is equal to the product 
of the drag and the speed. If drag is expressed 
in pounds, and speed in feet per second, the 
product is power in foot-pounds per second. 
By definition, one horsepower 'is SSOft-lbper 



Acceleration 

This term has been freely used in the chapter 
without positive definition. Acceleration is 
change either in speed or in direction of motion. 
A missile accelerates in a positive or negative 
sense as it increaseis or decreases speed along 
the line of flight. A missUe also accelerates 
in a positive or negative sense if it changes 
direction in turns, dives, pullouts, or as a result 
of gusts of wind. During accelerations a missile 
is subjected to large forces yrtiich tend to keep 
it flying along its original line of flight. This is 
in accordance with Newton's first law of motion: 
A particle remains at rest or in a state of 
uniform motion in a straight line unless acted 
upon by an external force. 

Acceleration is measured in terms of the 
standard unit of gravity, abbreviated by the 
letter "g." A freely faUing body is attracted 
to the earth by a force equal to its weight, with 
the result that it accelerates at a constant rate 
of approximately 32 feet per second per second. 
Its acceleration v/tiUe in free fall is said to be 
one "g." Missiles making rapid turns or re- 
sponding to large changes in thrust wUl experi- 
ence accelerations many times that of gravity, 
the ratio being expressed as a number of "g's." 
The number of "g's" which a missUe can with- 
stand is one a' the factors which determines its 
maximum turning rate and the type of launcher 
suitable for the weapon. The delicate instru- 
ments contained in a missUe may be damaged 
if subjected to accelerations in excess of design 
values. 

PROBLEMS OF MISSILE CONTROL 

A missUe must be so designed and construc- 
ted that it will fly a specified course without 
continual changes in direction. The degree of 
stabUity of a missUe has a direct effect on the 
behavior of its controls, and for this reason a 
high degree of stabUity must be maintained. 
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As the speed of a missile increases, its sta^ 
bility is changed by shifts In the center of pres- 
sure. A pressure shift causes changes in the 
airflow acting on the missile surfaces. Even 
in pure supersonic flow, variations in f p«ed 
will cause shifts in center of pressure* 

The use of fixed fins, and spinning of the 
missile, are the simplest means of stabilizing 
a missile in flight. Movable control surfaces 
react with air according to the laws of aero- 
dynamics to control the missile inflight. Figure 
2-10 shows examples of control surface designs 
and locations. Fins may be used to stabilize a 
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missile in flight by reacting against the medium 
through iwhich the missUe is passing. They are 
dbviously not useful for missiles that travel in a 
vacuum (or inhigh altitudes where the air is very 
rarefied). In high-speed missUes, the control 
surfaces can be made smaller; under certain 
conditions they can eliminated altogether. 



Stability in Subsonic Flight 

Figure 2-11 represents a missile in flight; 
it is longitudinally stable about its lateral axis 
through the center of gravity. Airflow over the 
wing is deflected downward. This angle of deflec- 
tion is called the downwash angle. When lift de- 
creases as a result of reduced speed, this 
downwash angle decreases, and produces pres- 
sure changes. At certain speeds, unstable con- 
ditions are set up as a result of such pressure 
shifts. When an unstable condition occurs, the 
control system must quickly compensate by 
moving the control surfaces or changing the 
missUe speed; otherwise themissUemaygetout 
of control. Unstable conditions are most serious 
at transonic speeds. Most missiles have dive 
control and roll recovery devices to overcome 
unstable conditions. For example, the hori- 
zontal tail surfaces may be placed high on the 
fin to minimize the effects of downwash. (At 
supersonic speeds, the downwash prbblem dis- 
appears.) 

Unstable airflow over the wings of a mis- 
sile may cause the ailerons to oscillate, creating 
a condition known as "buzz." A similar condition 
called "snaking" may exist about the yaw axis 
as a result of rudder oscillation. The troubles 
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may be partially compensated for by nonrevers- 
ible control systems, or by variable-incidence 
control surfaces. 

In a stable aerodynamic body, an oscillation 
caused by an outside disturbing force tends to 
be damped and to disappear instead ofbecoxning 
greater. The missile must be stabilized about 
three axes of flight to maintain a steady flight 
condition, so the missile neither increases nor 
decreases its angle of attack. 

Stability about the vertical axis is usually 
provided for by vertical fins. If a missile begins 
to yaw to the right, air pressure on the left side 
of the vertical fins is increased. This increased 
pressure resists the yaw, and tends to force the 
tail in the opposite direction. In some missiles 
the vertical fin may be divided and have a 
movable part, called the rudder, that is used for 
directional control. In addition to the rudder, 
there may be trim tabs that can be set for a 
particular direction of flight relative to the 
prevailing wind. The vertical sides of the 
fuselage also act as stabilizing surfaces. The 
same action takes place here as on the fin, but 
with a lesser correcting force. 

Another means for obtaining yaw stability 
is by sweepback of wings. Sweepback is the 
angle between the leading edge of a wing and a 
line at rl^t angles to the longitudinal axis of 
the missile. If a missile yaws to the right, the 
leading edge of the left sweptback wlngbecomes 
mpre perpendicular to the relative wind, v4iile 
the right wing becomes less so. This puts 
more drag on the left wing, and less on the 
right. The unbalanced drag at the two sides 
of the missile tends to force it back to its orig- 
inal attitude. 

STABIUTY ABOUT THE LONGITUDINAL 
AXIS may be provided by dlhedral-an upward 
angle of the wings. As the missile starts to 
roll, the lift force is no longer vertical, but 
moves toward the side to i^iilch the missile 
is rolling. As a result, the missile begins to 
sideslip. This Increases the angle of attack 
of the lower wing, and decreaises that of the 
upper. Lift on the lower wing will therefore 
Increase, iHiille lift on the upper wing decreases. 
This unbalanced lift tends to roll the missile 
back to its original attitude. 

STABIUTY ABOUT THE LATERAL AXIS 
is accomplished by horizontal surfaces at the 
tall of the missile. The stationary part of 
these sur&ces is the stabUlzer; the movable 
part is ttie elevator. Pitch stability results 
from the change in forces on the stabilizer 



A^en the missile changes its angle of attack. 
For example, if the missile nose begins to 
pitch downward, the force of the alrstream 
against the upper surface of the stabilizer will 
increase. This will tend to push the tail down- 
ward, and thus return the missile to its original 
attitude. 

Since most modern missiles are supersonic, 
with only a few seconds of flight at subsonic 
speeds, the forces that affect missile flight at 
supersonic speeds are of more Importance to 
you. They are discussed in the next section. 



AERODYNAMICS OF SUPERSONIC 
MISSILE FLIGHT 

So far we have discussed the principles of 
producing lift by using cambered (curved) wings. 
Cambered wings are still used on conventional 
aircraft but are not used on most present day 
guided missiles. Most operational missiles use 
streamlined fins to provide stability and some 
lift. 

Before discussing aerodynamics of super- 
sonic mlssUe flight, let us define some of the 
terms used. 

REYNOLDS NUMBER 

Dwlng the development of a new missile 
design, scale models of the proposed missile 
are tested in wind tunnels. But the performance 
of the. model does not necessarily Indicate the 
performance of the actual missile, even v^en all 
known variables are scaled down. In some cases 
the effect of a given variable on the model may 
be opposite to its effect on the full-size missile. 
Reynolds number is a mathematical ratio involv- 
ing relative wind speeds, air vlscosclty and 
density, relative sizes of the model and missile^ 
and other factors. The use of this ratio makes 
it possible to predict missile behavior under 
actual flight conditions from the behavior of 
the model in the wind tunnel. The Reynolds 
number is also applicable in hydrodynamlc 
testing. 

MACH NUMBERS AND SPEED REGIONS 

Missile speeds are expressed In terms of 
MACH NUMBERS rather than in miles per hour 
or knots. The Mach number is the ratio of 
missile speed to the local speed of sound. For 
example, if a missile is flying at a speed equal 
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to one-half the local speed of sound, it is said 
to be flying at Mach 0.5. If it moves at twice 
the local speed of sound, its speed is then 
Mach 2. (The term ''Mach number* is derived 
from the name of an Austrian {Aiysicist, Ernst 
Mach, who was a pioneer in the field of aero- 
dynamics. It is pronounced ^mock.*) 

Local Speed of Sound 

The speed expressed by the Mach number is 
not a fixed quantity because the speed of sound 
in air varies directly with the square root of air 
temperature. Fo^ example, it decreases from 
760 miles per hqi|r (mph) at sea level (for an 
average day Drtien the air is 59"^) to 661 mph at 
the top of the troposphere. The speed of sound 
remains constantbetweenSS,OOOfeet and 105,000 
feet, then rises to 838 mph, reverses, and falls 
to 693 mph at the top of the stratosphere. Thus 
you caii see that the speed of sound will vary 
with locality. 

The range of aircraft and missile speed is 
divided into four regions \rtiich are defined with 
respect to the local speed of sound. These 
regions are as follows. 

SUBSONIC FLIGHT, in which the airttow over 
all missile surfaces is less than the speed of 
sound. The 8tA>sonic division starts at Mach 0 
and extends to about Mach 0.75. (The upper 
limit varies with different aircraft, depending on 
the design of the airfoils.) 

At subsonic speeds, sustained flight is de- 
pendent on forces produced by the motion of the 
aerodynamic surfaces through the air. When the 
surfaces of airfoils are well designed, the stream 
of air flows smoothly over, under, and around 
them, and the air istream conforms to the shape 
of the airfoil. In addition, DiAien the airfoils are 
set to the proper angle, and motion is fkst enough, 
the airflbw will support the weight dl the air- 
cri&ft or fissile. 

TRANSONIC FLIGHT, in which the airflow 
over the surfaces is mixed, being less than 
sonic speed in some areas and greater than 
sonic spedcl in others. The limits of this region 
are not sharply defined, but are approximately 
Mach 0.76 to Mach 1.2. Under these conditions, 
shoclk: waves are present; the airflow is turbident, 
and the missile may be severely buffeted. A 
high-speed niiiisile shiquld be made to accelerate 
through the transonic zone in the least possible 
time to pirevent the^e disturbances. 

SUPERSONIC FLIGHT, in iiiAiich the airflow 
over all Burfkces is at speeds greaterthan sound 



velocity. This region extends from about Mach 
1 .2 upward. In supersonic flow, little turbulence 
is present. 

HYPERSONIC FLIGHT. When any object 
moves tbi-ough the air, the molecules of air re- 
quire a finite time to adjust themselves to its 
presence, and to readjust themselves after it 
has passed. This period of adjustment and re- 
adjustment is called the relaxation time. If the 
time required for a missile to pass a given point 
is equal to or less than the relaxation time, the 
missile is moving at hypersonic speed. Relaxa- 
tion time is longer at high altitudes, and the 
beginning of the hypersonic speed zone is cor- 
respondingly lower. Velocities that are not 
hypersonic at sea level may become so at high 
altitudes. Under most conditions, the hypersonic 
speed zone begins somewhere between Mach 5 
and Mach 10. 

HEAT BARRIER 

This is not a barrier in a physical sense, but 
its effect tends to limit the maximum speed of 
a missile through the atmosphere. Heat results 
not only from friction, but from the tzct that at 
high speeds the air is compressed by a ram 
effect. The temperature rise caused by the ram 
effect is proportional to the square of the Mach 
number. The average temperature at sea level is 
considered to be 59^; temperature decreases 
steadily with altitude to about 46,000 feet, above 
which it is assumed to be constant. At sea level, 
ram temperature is about 88TF at Mach 1-29'' 
higher than the standard temperature. At 
Mach 2, ram temperature at sea level is about 
260^?*, and at Mach 4 about lOOO'lP. Missiles 
capable of flying at these speeds mustbe capable 
of withstanding these temperatures. This prob- 
lem is particularly serious with ballistic mis- 
siles intended to plunge down into the atmos- 
phere at speeds in the order of Mach 12. A 
significant part of the development effort for 
long-range ballistic missiles has been devoted 
to development of nose cones capable of with- 
standing extreme temperatures. 

SHOCKWAVE 

The term "shock wave** is often used in 
describing effects of nuclear explosions but it 
-^is not a phenomenon occurring only in tremen- 
dous explosions. The same interaction of forces 
produces a shock wave in less overpowering 
situations. 
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As a missile moves through the air, the air 
tends to be compressed, and to pile up in front 
of the missile. Because compressed air can 
flow at speeds up to the speed of sound, it can 
flow smoothly around a low-speed missile. But 
as the missile approaches the speed of sound, 
the air can no longer get out of the way fast 
enough. The missile surfaces split the air- 
stream, producing shock waves. A shock wave 
is a sharp boundary between two masses of air 
at different pressures. 

Shock waves can seriously alter the forces 
acting on a missile, requiring radical changes 
in trim. The missile tail surfaces may be 
seriously buffeted and wing drag rises. Any 
deflection of the control surfaces in an attempt 
to overcome these conditions may cause new 
shock waves, which interact with those already 
present. For this reason there may be certain 
speeds at vrtilch the controls become entirely 
useless. In some cases the controls become 
reversed, and the action which usually results 
in a turn to port may result in one to starboard 
instead. These effects and many others may be 
the resi-lt of compressibility, a property of the 
airstream which is not prominent at low speeds 
but which cannot be ignored at hl0i speeds. 

THE NATURE OF COMPRESSmiUTY.- 
When an object moves through the air, it con- 
tinuously produces small pressure disturbances 
in the airstream as it coUides with the air 
particles in its path. Each such dlstuibance-a 
small variation in the pressure of the air-^is 
transmitted outward in the form of a weak pres- 
sure wave. Each expanding pressure wave 
travels at the speed of sound. Although each 
pressure wave expands equally in all directions, 
the Important direction is that in which the 
object generating it is moving. 

As long as the object is moving at low sub- 
sonic speed. Its position with respect to the 
pressure wave It produces Is similar to that 
shown In figure 2-12A. The pressure wave ex- 
pands In all directions. Since Its speed Is high 
compared viiih that of the body, the variation in 
pressure travels well ahead and agitates the air 
particles in the path of motion. Hence, when 
the body arrives at any given point, the air 
particles there are already In motion and can 
easily and smoothly flow around It. i 

In figure 2-12B and C, the object Is repre- 
fifented as liicroasing In speed but as still 
traveling below 3onlc velocity. As speed In- 
creases, the object at any moment is nearer the 
undisturbed air particles in Its path. This 
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means that the greater the speed of the moving 
bo^, the fewer the number of air particles 
that will be able to move from its path, with 
the result that the air begins to pile up in front 
of the body. 

When the object reaches the speed of sound, 
the condition represented in figure 2-1 2D oc- 
curs. The pressure wave can ho longer outrun 
the object and prepare the air particles in the 
path ahead. The particles then remain undis- 
turbed untU they coUlde with the air that has 
piled up in the airstream Just ahead of the 
object. As a result of the collision, the air- 
stream Just ahead of the object is reduced in 
speed very rapidly; at the sametime its density, 
pressure, and temperature increase. 

As the speed ofthe object is increasedbeyond 
the speed of sound, the presisnire, density, and 
temperature of the air Just ahead of it are in- 
creased accordhigly; and a region of highly 
compressed air extends some distance out in 
front of the body. Thus a situation occurs in 
v«iich the air particles forward of the com- 
pressed region at one moment are completely 
undisturbed, and at the next moment are com- 
pelled to undergo drastic changes in velocity, 
density, temperature, and pressure. Because 
of the sudden nature of the transition, the 
boundary between the undistuAed air and the 
compressed region is called a shock wave. 

You cannot see these changes taking place ih 
air but you can see the same type of action oc- 
curring in water. Using a boat on a lake in out* 
analogy, the changes might be described as 
follows. 

For the purposes of the illustration, we'll 
assume that the waves or ripples formed on the 
lake will move at 10 mph, and the Mach nuniber 
is the ratio of boat speed to wave speed. 

With the boat at rest, the waves made by the 
boat bobbing up and down wUl spread out in con- 
centric circles at the rate of 10 mph (fig. 2-13A). 
Now If the boat moves at the rate of 5 mph 
(representing a speed of Mach 0.5), the ripples 
wUl stUl spread out at the rate of 10 mph but 
they will no longer be concentric (fig. 2-13B). 
In figure 2^130, the boat Is moving at the same 
speed as the speed of wave propagation, repre- 
senting Mach 1, and all the waves aretsuigent to 
each other at the bow of the boat. In figure 
2-13D, the boat Is moving at twice the wave 
speed-Mach 2-and It leaves the ripples behind. 
The wave pattern now becomes a wedge on the 
surface of the water. In the air, with three- 
dimensional flow, the pattern would be a cone. 
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Figure i2-12.-Compre8Sibility of air at various speeds. 



The semivertex angle is the MACH ANGLE. The 
greater the speed above Mach 1, the smaller the 
angle. The shock y^ves form at the point of 
greatest density, vAiere ripples meet. The bow 
wave of the boat is closely analogous to the 
conical shock wave that spreads from the nose 
of a supersonic missile. Both have the same 
cause: the fact that an object is moving through 
a fluid faster than the fluid itself can flow. 

Types of Shock Waves 

There are several types of shock waves, the 
principaa classes being the NORMAL and the 
OBLIQUE. These differ prifiiarily in the way 
in which the airstr^m passes through them. 
In the normal (or perpendicular) wave, the air 
passes through without changing direction, and 



the wavefront is perpendicular to the line of 
flow (fig. 2.14A). The normal shock wave is 
usually very strong; that is, the changes in pres- 
sure, density, and temperature within it are 
great. The air passing through the normal shock 
wave always changes from supersonic to sub- 
sonic velocity. • 

OBLIQUE shock waves are those in which the 
airstream changes in direction upon passing 
through the transition marked by the wave- 
front (fig. 2-14B). These waves are produced 
in supersonic airstreams at the point of entry of 
wedge-shaped and other sharply pointed bodies. 
The resulting wavefronts make angles of less 
than 90'' with the line of flight. Like the normal 
shmk wave, the oblique wave occurs at a point 
of chiainge in velocity from a higher to a lower 
value. The 6tenge in speed is usually from 
supersonic to subsonic but not always so. In 
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Figure 2-13.~Mach angle analogy. 



some cases the airflow is supersonic both up- 
stream and downstream of the oblique wave. 
In general, the variations in density, pressure, 
and temperature are less severe in the oblique 
wave than in the normal shockwave. As we have 
said, a shock wave is a sharp boundary between 
two masses of air at different pressure. Air 
behind the oblique shock wave has a lower 
relative speed than that in front, and there- 
fore has a higher pressure. 

NORMAL shock waves can occur over the 
wing surfaces of a subsonic aircraft that ex- 
ceeds its maximum safe operating speed (fig. 
2-15A), The high speed (but still subsonic) 
airstream flows up over the leading edge of the 
wing, increasing in velocity as it does so, and 
passes the speed of sound. At a point on the 
wing slightly rearward of the leading edge, the 
velocity of the flow decreases, changing from a 
supersonic to a subsonic value. At the point of 
transition a normal shock wave is formed. This 
process illustrates the following rule which 
always holds true: The transition of air from 
subsonic to supersohlc flow.^is smooth and .un- 
accompanied by shock waves, but the change 
from supersonic to subsonic flow Is always 
sudden and Is accompanied by large variations 
in pressure, density, and temperature. Figure 
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''Igure 2-14.-FQrmatlon of shock waves: 
A. Normal shock waves; B. Oblique shock 
waves. 



2-15 shows the manner in Mliich shock waves 
behave at increasing airfoil speeds. In figure 
2-15A, the airfoil is traveling at Mach 0.75. The 
airflow over the upper surface is fast enough to 
cause the formation of a shock wave on the upper 
surface. As the airfoil speed increases to Mach 
0.90 (fig. 2-15B), the airflowbecomesfast enough 
to cause an additional shock wave to form on the 
lower surface. Figure 2-15C shows the waves 
moving toward the tra; jg edge as the airfoil 
speed is Increased to Mach 0.95. Finally, when 
the airfoil reaches superscxiic speed (flg. 2-15D 
and E), the upper and lower shock waves move 
all the way back to the trailing edge and, at the 
same time, a new shock wave is produced in 
front of the leading edge. 

CONTROL OF SUPERSONIC MISSILES 

Aerodynamic control is the connecting link 
between the guidance system and the mlssUe 
flight path. Effective control of the flight path 
requires smooth and exact operation of the 
mlssUe control surfaces. The ccxitrol sur- 
faces must have the best possible design con- 
figuration for the intended speed of the mis- 
sile. They must be moved with enough force 
to produce the necessary change of dlrectlcxi. 
Methods must be found for balancing the vari- 
ous controls, and for changing them to meet 
the variations of lift and drag at different 
Mach speeds so as to maintain missile stablli^. 
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Figure 2-15.-Shock waves at various 
speeds of airfoils. 

In some modem missiles lift is achieved 
entirely by the thrust of the main propulsion 
system. The Polaris missile, for example, has 
no fins. It is important that you realize that 
fins cannot control a missile outside the earth's 
atmosphere. The methods of achieving control 
in space will be discussed later in the course. 

External Control Surfoces 

The simplest control surfaces a re fixed fins. 
The flight of an arrow is an example of the 
stability provided by fixed fins. The feathered 
fins on an arrow present streanolined airflow 
sur&ces ^ich ensure accurate ilight. Since 
supersonic missile fins are not cambered, a 
slightly different lift principle is involved than 
with the conveiAional wing. At subsonic speeds 
^ a positive angle of attack will result in impact 
pressure on the lower fin surges ^ich will 
produce lift Just as with the conventional Wing, 
At supersonic speeds, the formation of expan- 
sion waves and oblique shock waves also con- 
tributes to lift. Figure 2-16 ^owsacross sec- 
tion of a supersonic fin and airflow about it. 
Due tothefinshape,theairi8speeded up through 
a series of expansion waves. This results in a 
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Figure 2-16.— Airflow about a supersonic fin. 



low pressure area above the fin. Beneath the fin, 
the force of the airstream (dynamic pressure) 
and the formation of oblique shock waves result 
in a high pressure area. The differences in 
pressure above and below the fin produce lift. 
Fixed fins are usually called vertical stabilizers 
or horizontal stabilizers, depending on their 
position and function. 

Guided missiles may also be provided with 
movable control surfaces, since stationary fins 
cannot provide theprecise control needed to keep 
the missile on a desired course. Movable con- 
trol surfaces can be divided into two types: 
primary and secondary. The primary controls 
include ailerons, elevators, and rudders (fig. 
2-17). Secondary control surfaces include tabs, 
spoilers, and slots. Primary control devices 
are responsible for maintaining missiles along 
desired trajectories. If no unstabUizing condi- 
tions were present, primary control could func- 
tion satisfactorily. A missile can be controlled 
more accurately and more efficiently, however, 
by the use of secondary controls, in various 
combinations, working in conjimction with pri- 
mary controls • 

AUerons, elevators, and rudders are attached 
to fixed wings and tails as in a conventional 
ai r c raft . 

In figiire 2-17, ailerons are attached to the 
trailing edges of the wings. When one aileron 
is lowered, the other is raised. Movement of 
' the ailerons changes the wing camber andbrlngs 
about roll control. The wing with the raised 
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Figure 2- 17.-.Control devices on conventional 
type missiles. 



aileron moves down and the other wing moves 
up. 

Elevators attached to the horizontal tail 
stabilizers may be used for pitch control. The 
elevators are raised or lowered together. 

Rudders attached to the vertical stabilizers 
(fig. 2-17) may be used for yaw control. 

If the ruddermovestothe right the tail moves 
to the left, and the missile yaws to the right. 

Tabs are hinged to primary control surfaces, 
and the force exerted by these devices is directed 
to act against a primary control and not the 
missile itself. For example, consider a tab 
(fig. 2-17) on an elevator. If the tab moves up- 
ward, the deiQected air will exert a downward 
force on the elevator. The elevator will then 
move down. Note that it is stlU the elevator, 
not the tab, that directly controls the missUe. 
A fixed tab is preset for a given condition of 
stability; a trim tab is controllable and its 
setting can be varied over a wide range of con- 
ditionjg. A booster tab is used to assist in 
applying force to move control surfaces of large 
areas. 

A spoiler can be any of seVl^ral devices— 
for example, a hinged flap on the upper surface 
of the wing. Supposethatagustof air causes the 
left wing to lose lift. The spoiler on the right 
wing can be raised to "spoil'' the smoothflow of 
air over it, and thus decrease its Iw to equal 
that of the other wing. 

A slot is basically a high-lift device located 
at the leading edge of the wing. At a normal 
angle of attack, it has no effect. At hi^ angles 
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Of attack the slot can be opened to allow air to 
spill through and thus prevent a stall. 

Dual Purpose Control 

The primary and secondary control devices 
discussed above are used on older type missiles, 
although the Bullpup missile uses a type of tab. 
For high-speed missiles, new control surface 
designs have been developed. Examples of such 
sur^ces are eleybns, rdUerons, ruddervators, 
and ailevators. As the names indicate, these are 
multipurpose control devices. For example, an 
eleven replaces an elevator and an aileron, 
allowing control of pitch and yaw by a single 
control mechanism. The Regulus missile used 
this device. If operated together, they serve as 
elevators; If operated differentially, they serve 
as ailerons. If the missile tail surfaces were 
inclined upward, to form a V with the missUe 
axis, controls on the trailing edges of these sur- 
faces could be used as ruddervators. By suit- 
able combinations of movements, they could 
control the missile in both pitch and yaw. 
Figure 2-lQA shows the fixed and movable stabi- 
lizing surfaces on Tartar and Bullpup missiles. 
The Tartar has four fixed trapezoidal dorsal 
fins the length of the rocket section, and four 
independently movable taU fins. The tail fins 
are folded during handling and stowage. 

The Terrier BT-3 has fixed dorsal fins 
and folding tail surfaces. Four booster fins 
are mounted 90** apart around the after end of the 
booster, and are in line with the missile tails 
and the dorsal fins. The Terrier BW-1 has 
fixed taUs. 

The Talos missile has four movable wings 
in a cruciform arrangement at approximately 
the missile longitudinal center of gravity. Four 
fixed fins near the after section are mounted in 
line with the four wings. The booster also has 
four fins, which are attached to the exit nozzle. 
After the booster propellant has burned out, the 
booster airframe drops off. 

Control at Starting Speeds 

Surfkce-launched missiles start out with zero 
velocity, and accelerate to flying speeds. For 
a short time after launching, airspeed over the 
control surfaces is slow, and these surfaces are 
unable to stabilize the missile or control its 
course. With small, booster-launched missiles, 
this problem is not serious. Terrier, for ex- 
ample, builds up enough speed for aerodynamic 
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stability in a fraction of a second. But heavy 
intercontinental ballistic missiles rise slowly 
from their launchhig pads, and may require 
auxiliary control devices fora number of seconds 
after launching. Two types of auxiliary control 
have been used. 

EXHAUST VANES are surfaces mounted di- 
recUy in the esdiaust path of a Jet or rocket 
engine (fig. 2-18B). When the exhaust vanes 
are moved, they deflect the direction of esdiaust, 
and thus produce a lateral component of thrust 
that can be used to keep the missile pointed in 
the desired direction. This is possible because 
the exhaust velocity is very high, even vAien the 
missile has Just begim to move. Because of the 
tremendous heat in the esdiaust, the life of ex- 
haust vanes is short. The German V-2 used 
exhaust vanes made of carbon. The melting 
point, of carbon is far above the exhaust tem- 
perature. But because caibon burns, the vanes 
were eroded rapidly. By^the time the V-2 
reached a speed at which the vanes were no 
longer needed, they were burned away com- 
pletely. Exhaust vanes are also used to. stabi- 
lize missiles in travel outside the atmosphere. 

JET CONTROL (fig. 2-18) is similar to 
exhaust vane control in that both deflect the 
exhaust to produce a lateral component of thrust. 
One method of Jet control consists in mounting 
the engine itself in ginobals, and turning the 
whole engine to deflect the esdiaust stream (fig. 
2-18C). This system requires that the engine 
be fed by flexible fuel lines, and the control 
system that turns the engine must be very 
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Figure 2-18.^Jet control of flight attitude. 



powerful. Another method of Jet control con- 
sists in moimting several auxiliary Jets at 
various points (fig. 2-18A) on the missile sur- 
face. By turning on oneorinoreof the auxiliary 
Jets, it is possible for the guidance and control 
systems to change the missile course as re- 
quired. Heat shields are necessary to protect 
the main body of the missile from exhaust heat 
generated by the Jets. The use of auxiliary 
Jets makes it possible to eliminate the outside 
control surfaces entirely. This is the steering 
method most likely to be used for control of 
missiles after they leave the atmosphere (and 
eventually, for the control of space ships). 

VECTOR CONTROL. Man-made forces may 
exert velocity vector control of missiles in 
flight. A ballistic missile before rocket burn- 
out, when it is receiving rocket thrust with 
gyro control of the direction of motion (fig. 2- 
19), is receiving velocity vector control— the 
missile path is being shaped as desired, at each 
instant. On the other hand, a rocket under pure 
thrust, imcontrolled in magnitude and with no 
direction control, is not considered as receiving 
velocity vector control. A missile experiencing 
thrust may have its velocity vector controlled by 
the use of auxiliary devices to control the speed 
and direction of missile flight. The thrust 
itself may be controllable in magnitude and 
direction. Both of these types are directional 
controls, achieved by the following general steps: 
tracking the target; predicting its future posi- 
tion; and converting target data to directional 
orders, either inside or outside the missile. In 
the case of guided missiles or ballistic missiles 
before burnout, the directional orders are im- 
plemented in the missile so as to produce 
directional control forces. This maybe achieved 
by the use of fins or rudders, by controlling 
the direction or magnitude of the main thrust, 
or by auxiliary side thrusts (rockets). In the 
last example there is a slight overlap between 
thrust and directional control; here directional 
control is achieved by means of the thrust 
itself (fig. 2-19B). A guided missile is usually 
under the cond3ined influence of natural and man- 
made forces during its entire flight. Man-made 
forces include thrust and directional control. 
The vector :sum of all the forces, natural and 
man-made, acting on a missile at any instant, 
ma^be called the total forcevector (flg.2-19C). 
It is this vector, considered as a function of 
time, in magnitude anddirection, which provides 
Telocity vector control. 




THRUST 
(MAN MAOE)i 



AERODYNAMIC 
FORCES 
(NATURE) 




0. BEFORE 
BURNOUT ^' 



'GRAVITY 
(NATURE) 



b. AFTER BURNOUT 
AERODYNAMIC FORCES 
(NATURE) 





B 



GRAVITY 
(NATURE) 




GRAVITY 



AERODYNAMIC 



GRAVITY 
AERODYNAMIC 



Figure 2.19.-Vector control: A. Before and after burnout; B. Thrlist vectors: 

C. Total force vector. 
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Vector control as achieved in some mods of 
the Polaris missUe \»U1 be described briefly. 
The Polaris has no controllable aerodynamic 
surfaces, and must therefoi*e be sfoOiUized and 
controlled by other means. Its fllgjit control 
subsystem provides control and stabUization of 
the missile during its powered flight;, The 
propulsion subsystem provides thrust and thrust 
vector control. The combustion gases from the 



burning propellant are exhausted through four 
nozzles, and each nozzle has a Jetevator which 
can be moved to deflect the gases as ordered 
by the flight control subsystem. Figure 2-20 
illustrates the action of the Jetevators in stabi- 
lizing and steerhig the missUe. For convenient 
reference, the nozzles are numbered clock- 
wise as seen from the rear. The Jetevators, 
one on each nozzle, are pivoted on the top and 
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bottom on nozzles 2 and 4, and at either side on 
nozzles 1 and 3. The jetevators normally func- 
tion in pairs. Those on nozzles 2 and 4 can 
dettect the gas stream either to the right or the 
left, and those on 1 and 3 can denect it either 
upward or downward. Figure 2- 20 shows howthe 
'jetevators function in the missile to produce 
pitch up, yaw to the right, and missile clock- 
wise roll. Positioning jetevators 1 and 3 as 
shown in figure 2-2QA, deflects the gaa stream 
upward, which causes the missile to pitch up- 
ward. In part B of the figure, Jetevators 2 and 
4 deflect the gas stream to the right and cause 
the missile's nose to yawtothe right. In part C, 
each Jetevator pair is set differentially (No. 1 
deflects the gas streamdownward. No. 3 deflects 
it upward; No. 2 deflects it to the right, No. 4 to 
the left); this drives the missile into a clock- 
wise roll. The Jetevators are moved by signals 
from the flight control subsystemof the missile. 

EFFECTS OF MISSILE CONFIGURATION 

The configuration of a guided missile is 
the principal foctor controlling the drag and 
lift forces that act on it. And these two forces 
largely determine the overall efficiency df the 
missile. Missile configuration and strength 
are dependent on the required missile maneuver- 
ability, stability, speed, and operating altitude. 



Both lift and drag are directly proportional to 
the square of missile speed. 

DRAG REDUCTION. It is essential that 
supersonic missiles be designed for minimum 
drag. A low drag configuration makes it pos- 
sible to use a smaller power plant, with a 
lower rate of fuel consumpttcxi. The resulting 
saving in bulk and weight can be used to extend 
the range of the missile, add to its warhead 
payload, reduce its overall size, or any combina- 
tion of these three. 

The effects of thickness distribution, Rey- 
nolds number, surface Imperfection, and Mach 
number all influence missile drag. Wing drag 
is influenced by thickness ratio, sweepback, 
aspect ratio, and section of airfoil. Total drag 
of the missile is made up of fuselage drag, wing 
and fin drag, and another factor not present in 
subsonic flight: mutual interference between 
the drags of the individual parts. For example, 
the drag of a wing may be strongly affected, 
for better or worse, by the shape of the body on 
which it is mounted. Since drag is directly 
proportional to velocity squared, minimum drag 
design becomes of paramount importance as 
missile velocity increases. 

LIFT EFFECTIVENESS. A Steady lift force, 
equal to the weight of the missile, must be main- 
tained to keep the missile in level flight. Addi- 
tional lift must be available for maneuvering. 
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Figure 2«20.-Jetevator action for missile control: A.' Jetevators positioned to cause missile to 
pitch up; B. Jetevators positioned for yaw to the right; CJ. Jetevators positioned for clockwise 
roU. 
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A missUe must be so designed that the neces- 
sary lift is provided with minimum drag. And, 
for satisfactory control response, lift must vary 
smoothly with the angle of attack. 

The conditions of flight associated with sub- 
sonic airflow are well known. Airflow phe- 
nomena at supersonic speeds are orderly, and 
can be analyzed mathematically. But in the 
transonic speed range, major design prob- 
lems arise. A great deal remains to be learned 
about airflow in this range. 

Airflow over an ideal wing would be sub- 
sonic until the missile reaches a velocity of 
Mach 1, and it would then immediately become 
supersonic. In other words, an ideal wing. If 
it were possible to make one, would eliminate 
the transonic range. Actually, the transonic 
range begins when the flow over any part of 
the missile becomes supersonic, and continues 
until the flow over all parts of the missile 
becomes supersonic. The free-stream Mach 
number at which transonic flow begins on any 
given missile is called the critical Mach num- 
ber for that missile. 

Every missile is designed for a cruising 
speed either below the transonic region or 
above it; no missile is intended to cruise 
within this region. For supersonic missiles, 
the effects of the transonic zone can be mini- 
mized in two ways. First, the range of speeds 
included within the transonic zone can be nar- 
rowed by suitable design of themissUe. Second, 
by maintaining maximum powerplant thrust until 
after supersonic velocity Is reached, the mis- 
sile can pass through the transonic region In 
minimum time. Supersonic missiles are often 
launched with the help of boosters. A booster 
may be considered as an auxiliary powerplant. 
It consumes fUel at a rapid rate, and develops 
a high thrust. After the mlssUe has passed 
through the transonic region Its booster falls 
away. The missile Is then propelled at super- 
sonic speed by Its own powerplant, which has a 
lower rate of ftiel consumption and a smaller 
thrust than the booster . 

Figure 2-lOB represents locations and de- 
signs of control surfaces of current guided 
missiles. The optimum arrangement of air- 
foils on a missile Is governed by many factors, 
such as speed, rate of acceleration during the 
launching phase, range, and whether or not the 
missile Is to be recovered. The sketcties In 
figure 2-21: show some of the more common 
arrangements of mIssUe alrfoUs. In some mis-. 
sUe designs, arrangements shown In the figure 
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Figure 2-21.— Arrangements of 
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as **taU units" may be used at the mid-section 
or even at the nose of the missile; in others, 
some of the "wing arrangements" shown in the 
figure may be used as tail units. 

The CONVENTIONAL and CRUCIFORM are 
the most popular tail arrangements. The HIGH 
WING and cruciform wing arrangements are used 
for most missUes. The INLINE cruciform ar- 
rangement is widely used, especially for super- 
sonic missUes. The INTERDIGITAL form is 
used on older mods of Terrier. 

In some supersonic missiles, body lift may 
be the only lifting force. In such high-speed 
applications, control surfaces can be made 
smaller or eliminated altogether, as inPolaris. 
thus counteracting the increased drag at high 
speeds. 
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At supersonic speeds, the advantages of 
camber (curve) of the airfoils no longer exist, 
and wing designs must be modified. The wing 
receives its lift as a resxUt of the angle of 
attack rather than of any increase in velocity 
of the air stream over the upper surface as 
compared with the lower surface. A smooth 
flow of air over the wing (or fin) surface keeps 
down the drag; anythingthat increases turbulence, 
of the airflow increases drag. 

FIN DESIGNS. Supersonic fins are sym*- 
metrical in thickness cross section and have a 
small thickness ratio-the ratio of the maximum 
thickness to the chord length. The DOUBLE 
WEDGE, shown in figure 2«-22A, has the least 
drag for a given thickness ratio, but in certain 
applications it is inferior because it lacks 
strength. The MODIFIED DOUBLE WEDGE has 
relatively low drag (although tts drag is usually 
higher than a double wedge ofthe same thickness 
ratio) and is stronger than the double wedge. 
The BICONVEX, also shown in the figure, has 
about one-third more drag than a double wedge 
of the same thickness ratio. It is the strongest 
of the three but is difficult to manufacture. 

The planform of the fins— the outline vAien 
viewed from above- is usually either of the 
DELTA-MODIFIED DELTA (raked tip) or 
RECTANGULAR types shown in figure 2- 22B. 
These shapes considerably reduce unwanted 
shock wave effects. The combination of a raked 
tip and cathedral droop (fig. 2-22C) of the wings 
permits better control as the swept-back wings 
delay air compressibility. 

Most missile bodies are slender cylindrical 
structures similar to those shown in figure 
2-226. Several types of nose sections are used. 
If the missile is intended for supersonic speeds, 
the forward section usually has a pointed arch 
profile in which the sides taper in lines called 
dGIVE curves (fig* 2-22D(a). Missiles which 
fly at lesser speeds may have blunt noses as 
shown in figure 2-22D(b). The Sidewinder is an 
example of a missile with such a nose. An air- 
breathing missile nose vAiich includes the duct 
for the ramjet propulsion system is also shown 
(fig. 2-22D(d). 

Hydrodynamics 

. Since surface-fired missiles for underwater 
attack are part of the missile armament of 
many ships, you need to know something about 
the effect of water on missile shape, speed, 
trajectory, and other aspects. The development 
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Figure 2-22.— High speed configuration char- 
acteristics: A. Supersonic fin cross-sectional 
shapes; B. Supersonic fin platforms; C. Wing 
angle; D. Missile noses. 
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of lift on a surface moving in nwater differs 
substantially from the same phenomenon in air 
because iwater is almost incompressible v*ile 
air is highly compressible. When a missile 
moves through air, a change in the density of the 
air occurs at various points of the missile and 
its airfoils. The same motion through nwatpr 
produces a different effect. The flow of water 
past an inclined plane (the hydrofoUs) can be 
treated as two separate motions. The first is 
the streamline flow (fig. 2-23A), just as is en- 
countered in air, and the second is a circulation 
(fig. 2-23B). The circulation component is due 
directly to the incompressibility of water. The 
net flow (resultant) is the sum of the two com- 
ponents (fig. 2- 230). The resultant velocity is 
greater above the plate than below it, and there 
is therefore a powerful uplift force. The drag 
force is paraUel to the direction of motion. 




VELOCITY 



The greater the lift required of thehydro- 
foU, the greater must be the effective angle of 
attack at ^ich it moves, within the normal range 
of angle of attack. As speed increases, water, 
like air, cannot get out of the way of the moving 
foU fkst enou0». Discontinuities of flow occur, 
causing cavitation (formation of areas of vac- 
uum), and lift decreases, drag increases, and 
buffeting and other undesirable phenomena may 
occur. This is called the stalling point, com- 
parable to the burble point in air. 

Designers of missiles whose trajectory is 
partly through air and partly through water must 
consider, both aerodynamic and hydrodynamic 
effects on the missile shape and its wings and 
fins. This requires compromises in design. For 
example, an airfoU should be thin to achieve 
the smoothest flow of air over the surfaces, but 
a hydrofoU must have thick sections, or atleast 
the leading edge must be relatively thickbecause 
of the extremely wide range of attack angles to 
which it may be subjected. Therefore, some lift 
has to be sacrificed in order to have a foil able 
to withstand water forces. Water has greater 
buoysincy than air, so less lifting force is needed, 
but at the same time, the drag force is greater, 
so a greater propulsive force is needed. Rico- 
chetting or skipping at water entry mustbepre- 
vented. AH these factors must be considered 
in the missile configuration. 
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Figure 2-23.-Flow of water about an inclined 
plane: A. Streamline flow; B. Circular flow 
C. Resultant flow. 



GUIDED MISSILE TRAJECTORIES 

The trajectory of a missile is its path from 
launch to impact or destruct. There are two 
basic types of missUe trajectories: ballistic 
and aerodynamic (including the "gravity- 
biased" aerodynamicaUy supported trajectory). 
A number of other trajectories are named ac- 
cording to the path traveled. Some of these 
trajectories are: aerobaUistic, glide, powered 
flig^it, terminal, zero lift, skip, and standard or 
ideal. The chapters on guidance illustrate some 
of the trajectoi;ies. 

In a BALLISTIC trajectory, the missUe is 
acted upon only by gravity and aerodynamic 
drag after the propulsive force is terminated. 
Gun projectiles have a purely ballistic trajec- 
tory; baUistic missiles have at least the major 
part of the trajectory a ballistic one. 

An AERODYNAMIC missUe is one whichuses 
aerodynamic forcies to maintain its flight path* 
it usuaUy has a winged configuration. * 
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TRAJECTORY CURVES 

Missile trajectories include maiiy types of 
curves. The exact nature of the curve is 
determined by the type of guidance and the 
nature of the ccxitrol system used. For some 
missiles, the desired trajectory is chosen be- 
fore the missile is designed, and the missile is 
closely limited to that trajectory. Missiles may 
offer a choice of trajectories. 

HYPERBOLIC TRAJECTORY.-A missile 
using a hyperbolic guidance system will first 
clinib to the desired altitude, then follow an arc 
of a hyperbola before iiving on its target. If the 
control stations are ideally located with respect 
to the target, the hyperbolic course is a close 
approach to a straic^t line. This system is not 
used with any of our guided missile systems at 
present. It operates on the Loran principle, 
with a ''master*' and a ''slave" station sending 
radio signals to fix the location of the target. 

PURSUIT CURVE.— Some homing missiles, 
and some beam riders, follow a pursuit curve. 
At any given instant, the course of the mis*- 
aile is directly toward the target. If missile 
and target are approaching head-on, or if the 
missile is engaged in a tail chase, the pursuit 
curve may be a straight line unless the target 
changes course. But a missile that pursues a 
crossing target must follow a curved trajec- 
tory. As the missile approaches a crossing 
target, the target bearing rate increases, and 
the curvature of the missile course increases 
correspondingly. In some cases the extreme 
curvature of the pursuit course may be too 
sharp for the missile to follow. 

LEAD ANGLE COURSE .--Some homing mis*- 
siles follow a modified pursuit course. The 
deflection of the missile control surfaces is 
made proportional to the target bearing rate. 
The missile flies not toward the target, but 
toward a point in front of it. The missile thus 
develops a lead angle, and the curvature of its 
course is decreased. 

A further refinement is possible if a com- 
puter, either in the missile or at a control 
station, can use known information about the 
missile and target to calculate a point of inter- 
cept which missUe and tairget will reach at the 
same instant. Because the missile is guided^ 
directly toward the poliit of intercept, its tra- 
jectory is a straight line. If the target changes 
course during the missile ili^t, a new point 



of intercept will be calculated, and the missile 
course will be turned toward the new point of 
intercept. 

BEAM-RIDER TRAJECTORY.-As we will 
explain in a later chapter, abeam-rider.missile 
may follow either a pursuit curve or a lead-angle 
course, depending on the type of system used. 

FLAT TRAJECTORY.— An intermediate- 
range or long-range air-breathing missile is 
usually made to climb as quickly as possible 
to the altitude at which its propulsion plant 
operates most efficiently- somewhere between 
30,000 and 90,000 feet. After reaching this 
altitude the missile flies a flat trajectory to the 
target area. The missile is made to climb 
steeply to a desired altitude, level off, fly a flat 
trajectory to the target area, then dive straight 
down. 

BALLISTIC TRAJECTORY .-Polaris is 
launched vertically, so that it can get through 
the densest part of the atmosphere as soon as 
possible. At a certain altitude, which maybe 
controlled by either preset or command guid- 
ance, the missile turns to a more gradual 
climb. After burnout, or shutdown of the pro- 
pulsion system by radio command, the missile 
''coasts'' alcxig a ballistic trajectory to the 
target. 

From launch to warhead detonation, long 
range ballistic missUes follow a trajectory 
approximating that shown in figure 2-24, sepa- 
rating into three flight stages. Missiles thatare 
launched vertically travel only a comparatively 
short distance before turning to a slant angle. 
If launched from imder water, as the Polaris, 
most of the vertical part of its flight path is 
underwater. Powered flight ccxitinues until the 
end of the second stage, when ballistic flight 
begins. The distance to the target determines 
the point at which it is necessary for the missile 
to go into the ballistic curve that will bring it 
down on the target. Computations are made by 
missile system computersbeforemisslleflrlng. 

COMBINATION TRAJECTORY. -A special 
case is the trajectory of the Asroc weapai (fig. 
2-25). It is fired from a launcher on a surface 
ship and is boosted into the air by rocket thrust 
(phase 1). After burnout of the rocket it goes 
through the air in a ballistic trajectory (phase 
2) until it strikes the water surface. It falls 
straight down through the waterfor a short time. 
Then it begins hunting for the target (phase 3), 
and homes on it (phase 4) vAien it has been 
located. 
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Figure 2-24.-Typlcal trajectory of an ICBM (Polaris). 
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The Subroc missUe also follows a combina- 
tion trajectory through air and water, but It Is 
launched from submerged submarines . 

PROPORTIONAL NAVIGATION COURSE.- 
Proportional navigation Is a homing guidance 
tech ilque In which the mlssUe turn rate Is di- 
rectly proportional to the turn rate in space of 
tii? liae of sight. The seeker tracks the target 
seml-lndependently from the missile maneu- 
vers. Lead angles and navigation ratios (N)can 
usually be chosen so thatthe missile acceleration 
will exceed the target acceleration only slightly. 

FACTORS AFFECTING 
MISSILE TRAJECTORY 

The principal factors affecting a missile's 
trajectory are, of course, the design of the 
mIssUe aiid Its guidance system, \iiilch are man 
made. Natural external forces affecting the 
trajectory include wind, gravity, magnetic 
forces, and the corlolls effect. In the use of 
any long-range mlssUe, all of these musf be 
taken Into account. 

WIND.-AU mlssUes fly throdgh the atmos- 
phere, either during their entire flight or at the 



beginning and end of it. They are therefore 
liable to be pushed off the desired course by 
the force of the wind. The magnitude and 
direction of the prevailing winds at various 
points on the earth are well known. But the 
prevailing winds are much modified by a num- 
ber of factors such as local topography, 
thermal updrafts due to local heating of the 
earth's Surface, the distribution of high- 
pressure and low-pressure air masses, and 
storms and their associated turbulence. All 
• of these factors can be predicted to some ex- 
tent, but • the reliabUlty of the prediction 
decreases with both time and distance. For 
that reason, air-breathing missiles must be 
provided with means for correcting any devia- 
tion In course that might result from un- 
predlcted winds. A ballistic mlssUe may be 
subject to correction as It rises through the 
atmosphere. But It descends on Its target at 
such a speed that the effect of wind is unlikely 
to produce a serious error. 

GRAVITY .-A long-range missile using a 
navigational guidance system may use the direc- 
tion of the center of the earth as a reference. 
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It does so by using a pendulum, plumb bob, or The CORIOLIS FORCE must also be corn- 
some slmUar device, to measure the dlrectlonof pensated for. It is caused by the earth s 
the gravitational force. The measuring device rotation, and tends to deflect a miSsile to the 
is acted on by tw> forces: gravity, which tends right in the northern hemisphere, and to ttie 
to l>ull it toward the center of the earth; and left in the southern hemisphere. As the earth 
centrifugal force, caused by the earth's rota- turns on its axis, its surface moves toward the 
tlon, acting at a right angle to the earth's axis, east at a rate determined by latitude. At ttie 
The direction Indicated by the measuring device equator, the earth's surface Is moving to the 
l8 that of apparent gravlty-the resultant of the east with a speed of more than 1000 mph; at 
two forces. The motion of the missile Itself, the poles. Its speed Is zero. 
wiU create additional forces that tend to disturb Assume that a missile Is launched erectly 
the grkvlty-measurlng device. Any missile northward In the northern hemisphere. At the 
guidance system that uses a gravitational refer- Instant of launching. It will be moving to the 
ence must compensate for these disturbing east at the same rate as the Surface from which 
forces. W *s launched. But as It moves northward. It 
MAGNETIC FORCES.-Some missiles may files over points whose eastward velocity Is 
use the strength or the direction of the earth's less than Its own. As a result It wUl be deflec- 
magnetlc field as a reference for navigation, ted eastward, or toward the right. Nowlmaglne 
Both strength and direction of the field vary a mlssUe fired southward In the northern 
from tJOlnt to poWit on the earth. In general, hemisphere. It will fly ovir points whose 
these vartotlohs have been measured and plotted, eastward velocity Is greater than Its own . It 
But at any given point dn the earth, the magnetic wUl therefore be deflected westward (still 
field Is siibject to annual, monthly, and even to the right) with respect to the surface, 
dally variations. It Is ai(bjeet to honperlodic . The amount of deviation produced by the 
variations In "maghetlc Storiils" that result coHolls force depends on the latitude, length, 
from bursts of Ions or electrons radiated frdm and direction of _the missile flight. Since it 
the siiii. Slbst of these variations are predict- can be accurately predicted, suitable correc- 
able with teasdhttoie accuracy, and can betake^ tlons can be made by the mIssUe guidance 
Into acebutti in the missile guidance systeni. system. 
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CHAPTER 3 

COMPONENTS OF GUIDED MISSILES 



INTRODUCTION 



GENERAL 



This chapter is intended to provide an over- 
all view of a guided missUe and its various 
components. Most of the material in this 
chapter is covered in more detail elsevphere 
in this text. Airframes and control surfaces, 
for example, were treated in chapter 2. Pro- 
pulsion systems, control systems, and guidance 
systems are each given one or more separate 
chapters. Their principal features will be briefly 
summarized here. Warheads, (except nuclear) 
which are not covered elsewhere in this text, 
will be treated in some detail. 

The principal components of a guided missile 
are: 

WARHEAD.~The warhead may be designed 
to inflict any of several possible kinds of dam- 
age on. the enemy. The warhead is the reason 
that the missile exists; the other components 
are intended merely to ensure that the warhead 
wiU reach its destination. 

AIRFRAME .-The airframe is the physical 
structure that carries the warheadto the target, 
and contains the propulsion, guidance, and con- 
trol systems. 

PROPULSION SYSTEM.- This system pro- 
vides the energy required to hiove the missile 
from the launcher to the target. 

CONTROL SySTEM.-The control system 
has two functions. It keeps the missUe in 
stable night, and it, translates the commands 
of the guidance systeth intd mdtlbn of the con- 
trol surfaces, or ^to somiB other means for 
modifying the missile traj6ctoty. 

GUTOANCB SYSTBM.¥iThls system- deter- 1 
mines ihethto the ttiids^e to tm the oi^red 
trajectory <tf the wd^i'M v^bdlty. It the missile 
is otf coursdV the giiidiinc^ #stein dends ertor 
signals id fhd cdtttrd iy^m^ 



Figure 3-1 shows some typical locations of 
components. The arrangement of the com- 
ponents is not the same for all missiles. Most 
modern missiles are made up of a missile as- 
sembly (with all its components), and abooster, 
the Mt^ole being called a complete round. Tartar 
missile is an exception— it does not have a 
separate booster. 

AUXILIARY POWER SUPPLY. AUmissUes 
must contain auxiliary power supply (APS) sys- 
tems in addition to the main engine required for 
thrust. The APS systems provide a source of 
power for the many devices needed for success- 
ful missile flight. Some APS systems rely on 
the main combustion chamber as the initial 
source of energy; others have their own energy 
sources completely separate from the main 
propulsion unit. 



AIRFRAME 

GENERAL 

The term AIRFRAME has the same meaning 
for guided missiles as it has for the conventional 
airplane. It serves as a vdiicle to carry all 
the other parts of the missUe, and it provides 
the aerodynamic characteristics required for 
successful flight. Research on airframes is a 
major part of our missile development effort. 

Since the guided missile is essentially a 
one-shot weapoi, its structure can be simpler 
than that of a conventional aircraft. Missile 
bodies are designed so that inner components 
are readUy available for testing, removal, and 
repair.. TTie major components are mounted to 
form Independent units. 

Most moddrh missiles are made up of several 
sections (fig. 3-2). (Older modsdonothave this 
construction.) Each section is a cylindrical 
shell machined frotti metal tubing rather than a 
buUt-ut) structure with internal bracing. Each 
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Figure 3-1.— Location of components in guided missiles: 
A. Talcs missile; B. Active homing missile. 
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Figure 3.2.'Sectionallzation of a missile. 



shell contain^ one of the essential units or com- 
ponents ot the missile, such as the propulsion 
system, the electronic control equipment, the 
warhead, or the fuze assembly. 

Sectlonallzed construction has the advantage 
of itreiigth with simpuaty, and also provides 
ease In repUicemeht and repair of the compo- 
nents, slneethe shells are removable as separate 
units. th6 sections are jblhed by varlous^ypes 
of cbliiiSdtioiis designed for slttplicity of ope*a- 
tion. V Aceeii ports are sbmetones prbvided In 
thd Shdils, tlirdugh i»hich adjusbnents can be 



made prior to launching. Covers and access 
doors are sealed to prevent moisture and dirt 
from entering the missile. 

Basically, the missUe is designed to carry 
the warhead to the target. The size and weight 
of the warhead must be accommodated by the 
missile structure. The missile must beaslii^t 
and compact as possible, yet strong enough to 
carry the warhead (and other components), and 
withstand ttie forces to which it wlllbe subjected, 
such as gravity, air (or water) pressure, winds, 
heat, stresses of acceleration and deceleration. 
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and other forces. For every pound of weight 
saved in the missile structure, less propulsion 
energy is required. The weight and balance 
relationships must be given careful considera- 
tion. The initial location ofthe center of gravity 
is of extreme importanc e . The center of gravity 
can change during missUe flight because of the 
burning of the propellant, and separation of the 
booster after burnout. These factors and others 
must be careftUly included in the calculationsof 
the missUe designers to produce a structure 
that will perform as expected. 

BODY CONFIGURATION 

The Navy missiles described and illustrated 
in chapter 1 show the range of body configuration 
found In operational missUes. In general, the 
design of the airframe is determined by per- 
formance requirements. Early types of missUes 
were strikingly similar in appearance to a Jet 
fighter of similar performance, in the high sub- 
sonic speed range. The wings, like those of 
carrier aircraft, could be folded. Before launch- 
ing, the wings were extended and locked In place. 
. ,^ ?*JJ"°**®^ missUes have wings that are 
folded (Tartar) or removed (Terrier, Talos) 
when stowed, but the size, shape, and location 
Of the wings and fins haVe undergone extensive 
changes for use at supersonic speeds. Newest 
mods of Tartar (fig. 2-10) and Terrier have 
dorsal fins, 

Terrier, Sidewinder, and Talos are typical 
of present day airframes. In general, the air- 
frame Is a long, slender cylinder without wings. 
Its taU fins provide weathercock stabUlty. A 
second set of fins, mounted near the center of 
the mlssUe or forward of the center, provide 
additional stabUlty. Control of Uie missile Is 
accomplished by pivoting one or more pairs of 
fms, rattier than by the use of conventional 
aUerons, rudders, and elevators. Note that, as 
to Jerrler, the forward fins may be mounted at 
45 angles to the horizontal and vertical. 

the nose shape Is'^determlnedby oUier re- 
requlremerits. The TerHer bode (not all mods) 
18 long and iaender,becaxuie that du«>e has been 
foundUgUy efficient at mi^twxAc speeds. Side- 
winder, although It travels at a comparable 
speed, has a hemispherical flirgei This is 
necesflaify because of the infrared Stekihg 
device located Immediately behind ttie noge 
surface. 
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The nose of Talos contains ttie air Intake 
for the ramjet engine. 

Talos Is, In effect, a double-waUed tube. Its 
central part Is taken up by the ramjet engine. 
AU of itsother components- warhead, fuel tanks, 
guidance and control systems-are crowded 
within the space between the Inner and outer 
walls. (In one model, one of these components 
is carried Inside the central dlffUser In ttie nose.) 
The middle part of Terrier is taken up by a 
chamber fUled with solid rocket propeUant. The 
warhead, fUze, and the major part of ttie guidance 
and control systems, are located forward of ttie 
fuel chamber. But a part of tiie guidance and 
control system Is located in tiie double-waUed 
cylinder ttiat surrounds ttie exhaust duct at ttie 
after end of ttie mIssUe. Electric cables and 
pneumatic lines to maintain communication 
between the two parts of the guidance system 
pass ttirough covered channels along ttie out- 
side of ttie mlssUe. 

Polaris, pictured In chapter 1, represents 
still a ttilrd type of mlssUe body configuration. 
Note that ttiere are no external control sur- 
faces; any necessary changes In trajectory are 
accomplished by Jet deflection. Note also ttiat 
the nose Is bluntly rounded. Its trajectory (flg. 
2-24) takes tt farbeyondthe earth's atmosphere: 
It descends on Its target at a steep angle, and at 
tremendous speed. As It re-enters ttie atmos- 
phere, friction with the air generates a great 
deal of heat. The Solaris nose cone shape and 
construction have been determined by ttie re- 
quirements of ttils problem. The materials for 
the outer surface have been especlaUy developed 
to resist high temperature. Suitable Insulation 
Is provided between the outer skin of ttie nose 
cone and ttie Internal components, to prevent 
damage to the warhead. Advances Intechnology 
have permitted changing from the blunt nose of 
earlier mods to the pointed nose of ttie A3. 

The two configurations of Asroc (anti- 
submarine rocket; Is not aguldedmlssUe)dllfer 
In size but each has four major assemblies: pay- 
load (warhead), airframe, Ignttlon and separation 
assembly, and rocket motor. During the ballis- 
tic flight (fig. 2-25) of ttie missile, the rocket 
motor drops away when ttie required velocity Is 
reached, and ttie airframe drops away near ttie 
end of baUlstlc flight, freeing ttie warhead to 
continue to target intercept. The torpedo con- 
figuration has a parachute which opens afterttie 
rocket motor andthe airframe havedroppedaway 
and carries tt to water entry. Botti torpedo and 
depth charge configurations have a nose cone 
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streamlined for aerodynamic flight but ^Ich 
shatters upon water entry. The depth charge has 
fin extension tips on the faU fins. The extension 
tips are sheared off upon water entry. The fin 
extension tips provide aerodynamic stabUlty to 
the depth charge from the time of airframe sep- 
aration until water entry. Two of the fins are 
plain fins and two are tee fins. 

Because of the underwater-to-alr-to- water 
operational cycle of Subroc, Its design had to 
Include the hydrodynamlc qualities of a torpedo 
and aerodynamic characteristics of a mlssUe. 
In size and shape It had to be made to fit a 
standard submarine torpedo tUbe, from which It 
Is fired. 

PROPULSION SYSTEMS 

GENERAL 

Because chapter 4 Is devoted to propulsion 
systems, they wlU be covered very briefly here. 
The powerplants of guided missiles have been 
referred to as "reaction engines.* But strictly 
speaking, any engine deslgnedtopropelavdilcle 
is a reaction engine. AU of them operate In 
accordance with Nev»ton»s third law, which states 
that for every action there Is an equal and op- 
posite reaction. For example, the forCethatthe 
tires of a car apply to the road Is opposed by an 
equal and opposite force and It Is this reaction 
that drives the car forward. A propeUer-drlven 
aircraft operates by Increasing the momentum 
of the air; the resulting reaction Is applied to 
the propeUer and Its shaft, and, through a thrust 
bearing, to the airframe. Aswehavepolntedout 
earlier, speed requirements make It Impossible 
to use propeller-drtven missiles. Because the 
speed of the propeller tip exceeds the speed of 
the airframe, the jpropeller tip enters the tran- 
sonic aone whUe the aircraft speed Iscoj'slder- 
ably below the speed of sound. In the transonic 
zone, the thrust developedbythe propeller drops 
off rapidly, and a ftirther increase to aircraft 
speed becomes Impracticable. Therefore, aU 
current guided mlssUes depend on some form of 
]et propulsion. 

TYPES OF JET PROPULSION SYSTEMS 

Popular terminology makeis a distfSctlo^f 
between Jets ahd rockets: a Jet takes to ate 
from the atmosphere, and propels Itself forward 
by tocreasihg the momentum of the air; a rocket 



needs no outside air supply, since It carries Its 
ownsource of oxygen. But this Is a rather arbi- 
trary distinction. Both types of engtaes operate by 
expelling a stream of gas at high speed from a 
nozzle at the after end of the vehicle. For our 
purposes, a rocket canbeconslderedasatype of 

let engtoe. _ 

The pulse]et, which propelled the German 
V-1, was used by the Navy to propel an early 
missile that Is now obsolete. No current mls- 
sUes are driven by pulsejets. TaloslspropeUed 
by a ramjet. The Navy used turbojets for Its 
Regulus I and n, and for the now obsolete 
Petrel. Terrier, Sldewtader, and Polaris are 
propelled by solid-fuel rockets. Tartar, too, 
has a solld-propellant rocket motor, though It Is 
different from the others-It Is a dual-thrust 
rocket motor (DTRM), which develops both 
booster and sustatoer thrust, eliminating the 
need for a separate booster and sustalner for 

the missile. , * * 

Current developments appear to todlcate that, 
untU the advent of nuclear propulsion, most if 
not aU of our future mlssUes wUl be powered 
by solid-fuel rockets. Research on nuclear 
propulsion engtoes Is being conducted for use to 
spacecraft as weU as to mlssUes. 

Although llquld-fuel propiilslonhasbeen con- 
sidered too complicated for use to mlssUes, a 
prepackaged and sealed llquld-fuel ei«tae de- 
veloped tor the BuUpup alr-to-surface mIssUe 
has been highly successful In tests. For this 
application, llquld-fuel propellant and a propel- 
lant pressurizing medlxma are permanentty 
sealed In a tank which is Integral with the rodcet 
thrust Chamber. An outstanding feature of this 
engtoe Is that It requires no ^ipboard tests or 
checkoff prior to mounttag on the aircraft nor 
before launching. ' , ... ai 

The llquld-fuel rocket Is used In the Air 
Force Titan, and inthat application It has certato 
advantages. Liquid fuel provides more energy 
than an equivalent weight of solid fuel, and can 
maintain a high thrust for a relatively longtime. 
A llquld-fuel propulsion system canbe shut down 
by radio command at any desired tostant, 
whereas a solid-fuel system presents complica- 
tions, although shut-down and restart have been 
accomplished to experimental models. The 
llquid-ftiel rocket must have a rather complex 
system Of fuel and oxidizer lines and pumps, and 
It requires relatively elaborate equipment at the 
laubehing «ite. At present, a large mlssUe 
ptopiUed by a llquld-fuel rocket requires a 
lengthy "couhtdown" before firing. The last two 
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factors make the liquid-fuel rocket impracticable 
for ship-launched missiles. 

The liquid-fueled Atlas, developed by the Air 
Force as an ICBM, is being phased out for 
missile use and is being changed for spacecraft 
use. It, too, requires a long countdown, which 
reduces its value as a deterrent missUe. 



WARHEADS 



GENERAL 



The warhead is the reason-for-being of any 
service guided missUe; it may contain any of 
a large number of destructive agents. This 
versatUity must not be confused with inter- 
changeability, because the design of the mis- 
sile and warhead must be thoroughly integrated. 

The gqided missile fuze may be defined as 
that device which causes the warhead to detonate 
tn such a position that maximum damage will be 
Inflicted on an average target. A ftize may be 
any of several types, such as impact, time, or 
proximity. r t , 

Guided missUes are precision-buUt weapons; 
they are expensive in manpower, materials, and 
money. The most accurate control and guidance 
systems wiU be of little value if the warhead 
cannot produce enough lethal effect at the right 
time to destroy or at least cripple the target. 
The warhead problem must be solved for each 
t3rpe of missile, to permit final erystalizationof 
any integrated missile plan. 

The ultimate aims and desires of weapon- 
makers have always been to strengthen the 
arm" of the user. The rock in the hand of 
primitive man added strength and distance to 
the blows that he could deliver; the bow and 
arrow greaUy multiplied man* s effective striking 
distance; and the rifle and cannon have progres- 
slvely Increased the strength and range of his 
striking power. Guided missiles are a new 
means for lengthening the arm of the user. But 
the strUdng effect depends on the nature of the 
^mrhead and on how accurately it can be delivered 
to the intended target. The warhead of a guided 
missUe is its payload, and Justification for 
employment of the missile lies In its ability to 
deliver its payiotd to the tazset. 

A guided missile may carry one of the var- 
iousjifpes of warheads, and one or more l^s. 

MissUe warheads intendedlbr use against ships 
or land targets preseat design preueias similitf 
to those of older weapons. Surface-to-air 



missUes present a somewhat different problem. 
The effective radius of damage from a high- 
explosive warhead in the air depends on the 
type, shape, and size of the charge, and on the 
nature of the target itself. 

The designer of the payload for any type of 
mUitary weapon is faced with a number of 
variables, some of which are unpredictable. 
For example, in the design of an antiaircraft 
missUe, he must consider the following factors: 

1. Altitude affects the lethal radius of a 
fragmentation warhead; the fragments main- 
tain a lethal velocity through a greater distance 
at hig^ altitudes. 

2. The relative velocity of target and mis- 
sUe has a direct bearing on the optimum angle 
of ejection of fragments. The designer must 
determine the angle at which ttie greatest mass 
of fragments should be ejected. The timing 
sequence of fUze operation, as weU as the 
guidance system of ttie missUe, must function 
wiOi great precision if ttie target is to be 
destroyed. The fuze must be botti sensitive 
and fkst to ensure success against hig^-speed 
aircraft or supersonic missUes. 

3. The armor of the target, if ai^, influ- 
ences the design specifications for fragment 
size and velocity. Fragments ttiat are effective 
against conventional aircraft of today may 
be too light or too slow to penetrate ttie protec- 
tive covering of the airplanes or missUes of the 
future. 

The multiplicity of types of ground targets 
has led to ttie development of numerous types 
of lethal devices— from hand grenades to hydro- 
gen bombs. A 500-pound bomb may be armor- 
piercing, 8emi-armor-piercii«, or general- 
purpose. It may be e<piipped witti an impact fuze, 
a time fuze, a proximity fuze, or a conibination 
of these types. 

The type of target is the most influential 
fkctor in warhead design. A fragmentation-type 
warhead might be effective against conventional 
aircraft, or against missUes of moderate speed. 
But a mlssUe Intended for use against a whole 
fleet of atUcUng bombers, a city, or against a 
high-speed baUistlc mIssUe, would require an 
entirely different type of warhead. Because of 
the wide variety in types of surfkce targets. It 
Is necessary to have mlssUes ttiat can use sev- 
eral tjrpes of warheads interchangeably, or to 
develop a whole famUy of missUes. 

The third component of ttie warhead, the 
safety and arming device (S&A), is of crttlcal 
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importance with nuclear waiiieads. The S&A 
device must prevent accidental detonation and 
must initiate detonation at the moment desired. 
In nuclear warheads there are several devices 
to prevent accidental or premature detonation* 

TYPES OF WARHEADS 



The types of warheads that might be used with 
guided missiles include: external blast, frag- 
mentation, shaped-charge, explosive-pellet, 
chemicali biological, nuclear, continuous rod, 
clustered, thermal, iUumlnating, psychological, 
exercise, and dummy. Those that are Intended 
for use against an enemy are not true warheads 
within the definition of warhead, and are usually 
referred to as heads, such as exercise heads. 
Some types of warheads will be discussed in a 
classified course, Navy Missile Systems , Nav- 
Pers 10785-A. 

BLAST-EFFECT WARHEAD, The blast 
effect warhead consists of a quantity of high- 
explosive material in a metallic case. The 
force of the explosion sets up a pressure wave 
in the air or other surrounding medium; the 
pressure wave causes damage to the target. 
This type of warhead is most effective against 
underwater targets, because water is incom- 
pressible, and relatively dense* Torpedo war 
heads are of this type. Blast-effect warheads 
have been used successfully against small 
ground targets. They are considerably less 
effective against aerial targets because the 
density of the air, and therefore the severity 
of the shock wave, decreases with altitude. 

FRAGMENTATION WARHEAD. The frag- 
mentation warhead uses the force of a high- 
explosive charge to break up the warhead 
casing into a number of fragments, and to 
propel them with enough velocity to destroy or 
damage the target. The size and velocity of 
the fragments, and the pattern in which they 
are dispersed, can be controlled by variation 
in the design and construction of the warhead. 
The velocity of the fragments depends on the 
type and amount of explosive used, and on the 
ratio of explosive-to-fragmait weight. The 
average size of fragments depends on the 
shape, size, and brittleness of the warhead 
casing, and on the (juantity and type of ei^^o- 
sive. Greater uniformity in fragment sise can 
be achieved by scoring or othenMse weakening 
the easing in. a regtdbur pattern, as shown in 
figure S-'S* 



The damage produced by a fragmentation 
warhead depends (in part) onthe amount of metal 
available to form fragments, and on the amount 
of explosive available for breaking the casing 
and propelling the fragments. Aerial targets 
are more susceptible to damage by fragments 
If the warhead explodes a short distance away, 
rather than in contact with the target. Against 
a partially protected surfice target, a frag- 
mentation warhead is most effective when ex- 
ploded in the air above the target, rather than 
on the ground. Figure 3-4 shows this effect. 
Fragments from the air burst strike the partially 
protected target and the entrenched personnel. 

A fragmentation warhead can have a greater 
miss distance than a blast warhead and still 
remain effective. The pattern of fragmentation 
also makes a difference In effectiveness, as 
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Figure 3-3.— Basic construction of a 
fragmentation warhead. 
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Figure 3.4.-Ettect of fragmentation warhead 
on surface target. 
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does the velocity. The payload can be designed 
to propagate" Its energy and material In aU 
directions. This Is called Isotropic propaga- 
tion (fig. 3.5B). When the payload is designed 
so that more fragments or energy are released 
In one direction than another, the propagation 
pattern Is called nonlsotroplc (flg. 3-5A). It is 
more effective than an Isotropic payload of the 
same size and welg^it if you know where to aiin 
it. This directing of the explosion Is the basis 
of the shaped charge effectiveness. A large part 
of the warhead's explosive energy Is directed 
to the target In a narrow beam. 

Advanced Types of Fragmentation 
Warheads 

A knowledge of fragmentation propagation is 
a basic requisite In designing many types of 
warheads. Theories are checked out with the 
use of scaled models, using different types of 
ejyloslves, and varied mlssUe shapes and casing 
thicknesses. These shidles have resulted Inthe 
development of warheads with controlled size, 
shape, number, and Initial velocity of fragments. 
The Initial velocity of the fragments depends on 
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Figure 3- 5.-Payload propagation: 
A. Nonitotropic; B. Isotropic. 



144.15 



SCORING OF 
WARHEAD BODY 

144 16 

Figure 3-6. -Controlled fragmentation warhead. 

the charge-to-mass ratio ofthe missile, the type 
of explosive used, and the shape of the fragments. 
Test firings have substantiated the value of the 
controlled designs. One type of controlled frag- 
mentation warhead Is shown In figure 3-6. Var- 
ious shapes and sizes of fragments have been 
tested for different types of targets. The most 
effective types have been adapted for some 
missile warheads. 

Shaped-Charge Warhead 

A shaped charge consists of a casing and a 
quantity of high explosive. The explosive is so 
shaped that the force of the blast it produces is 
largely concentrated in a single direction. Asa 
result, a shaped charge has high penetrating 
power. It is widely used against armored sur- 
face targets. For example, the antitank bazooka 
used during World War II and In Korea used a 
shaped charge. 

Figure 3-7 shows how the shape of the 
charge affects the penetrating abUity of the 
blast. All three of the charges shown in the 
figure have the same weight and type of explo- 
sive. The flat charge at the left produces an 
explosive force rather evenly distributed over a 
given area of the target; this charge produces 
little penetration. The shallow-cone Shape of the 
middle charge produces a greater concentration 
of the explosive force, and penetration of the 
target is deeper. The deep-cone shape at the 
right has concentrated the explosive force so as 
to penetrate the target armor. Metallic frag- 
ments of the armor can now reach the interior 
of the target, and do additional damage. 
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Figure 3- 7. -Penetration effectiveness of various shaped charges. 
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In the es^losion of a shaped charge, a beam 
Of very hot gas (called the Jet) is ejected at an 
extremely high velocity. If the cavity is lined 
with some material that canbe broken into smAll 
pieces or can be melted by the explosion, the 
efficiency of the charge is greatly increased. 
The small particles of the liner are carried by 
the Jet, which is thus increased in weight. As a 
result it can penetrate'a thick target. 

When used in guided missile warheads, 
shaped-charge explosives have possibilities of 
great effectiveness against both aircraft and 
heavily armored surfiice targets. 

Explosive-Pellet Warhead 

An explosive-pellet warhead consists of a 
group of separately fuzed explosive pellets 
housed in a casing. The basing contains an 
additional quantity of explosive to eject the 
pellets from the main warhead casii«. The 
pellets themselves da not e^lode until they 
contact or penetrate the target. If the target is 
an aircraft or missile, maximum destruction 
can b6 accomplished when the . pellets are 
detonated after penetrating the outer skin of 
the target. Each pellet contributes both Ufist 
effect and high-veloctty metallic fragmehts when 
detonation occurs. 

Ilie explosive-pellet is an ideal weapon for 
tlse agtlnst aerial targets. Its full development 
is dependent iqpon perlfeeting a fuse for the 



individuul charges that can withstand the initial 
blast of the principal warhead while still ensur- 
ing explosion at or within the target. 

Chemical Warheads 

A chemical warhead is designed to eject 
poisonous or corrosive substances and thus 
produce personnel casualties, or to destroy 
combustible targets by the use of incendiary 
materials. Warheads containing gases may 
liberate any of the well-known types such as 
mustard gas, lewisite, or some newlydeveloped 
chemical. The effects produced are either denial 
of the use of the target area or personnel 
casualties witliin the area. Missiles eg^ipped 
with chemicsil warheads also serve as possible 
counterthreats to initiation of gas warfare by 
the enemy. It is likely that quantities of 
poisonous war gases are included in the arsenal 
of every major power, and the possibility of 
their use remains a threat. However, the cer- 
tainty of retaliation in kind has served as a 
deterrent since World War I. 

A variety of disabling gases have been devel* 
Qped. Theoe gases temporarUy Inactivate mlli- 
.ttfy and/or civilian personnel by a variety of 
effects, without death or permanent disability. 
' The i^sibUitles of these agents have been ex- 
plored In research and tests and some have been 
used in riot situations. 

The incendiary warhead contains a material 
that bums violently and is difficultto extinguish. 
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Chemical weapons are useful principaUy against 
ground targets, but may alsobe effective against 
aerial targets that contain combustible mate- 
rials. Incendiary materials suitable for use in 
warheads include magnesium, jeUied oU or 
gasoline, and phosphorous. Incendiary warheads 
are also referred to as thermal or fire war- 
heads. 

Biological Warheads 

A biological warhead contains bacteria or 
other living organisms ca^tble of causing sick- 
ness, or death. The biological agent can be 
specifically chosen for use against personnel, 
livestock, or crops. Antipersonnel agents might 
be chosen to cause either temporary disability 
or death, depending on the objectives of the 
attacker. An eiqplosive charge placed in a 
biological warhead would ensure ejection and 
initial dispersion of the biological agents. Spe- 
cial attention must be given to the design and 
construction of biological warheads, in order 
that the bacteria or other agent will remain 
alive, and be carried to the target under the 
most fitvorable conditions. 

Probably every major nation has an arsenal 
of biological material to use in "germ warfare" 
in such a variety of ways that it would tax the 
imagination of the average person. Use of "germ 
warfare*' has been restrained, as in the case of 
chemical warfare, for fear of retaliation in kind. 
Other Special Purpose Warheads 

Several other special types of warheads may 
be used. These include: radiation, illumination, 
psychological, exercise, and dummy warheads. 

RADIATION warheads may use radiological 
material in the same manner as chemical or 
biological agents, scattering the radioactive 
material according to plan. The possibUities 
and ramifications of this type of warfare will 
not be explored further here. 

ILLUMINATING warheads have long been 
used in proJectUes during night attacks to point 
out or silhouette enemy fortifications. This has 
been especially useful during ^hore bombard- 
ment. Illuminating warheli^ds are also used in 
aircraft bombs and rockets to assist in the 
attack of ground targets and submarines. No 
application has been madd in guided missUes. 

PSYCHOLOGICAL warheiids do not carry 
lethal or destructive agents, but carry material 
designed to create a psychological effect on the 
enemy rather than actual physical damage. Pay- 
iTOds may be propaganda leaflets, mysterious 
objects that appear dangerous. Inert or dummy 



warheads . Decoy warheads may carry " window " 
which causes false radar echoes, or noise- 
makers to confuse sonar operators of antisub- 
marine ships. 

A DUMMY warhead has only the outward 
appearance, the size, shape, and weight of a 
real warhead. It is used intraining and practice 
operations. -» r 

EXERCISE or training warheads do not 
contain any explosive material but otherwise 
contain the parts of a real warhead, so they can 
be assembled, disassembled, tested for elec- 
trical continuity, and otherwise used for training 
exercises. 

The ASROC (Rocket Thrown Torpedo) uses a 
torpedo for its warhead. 

Nuclear and Thermonuclear Warheads 

A number of present day guided missUes 
are equipped with nuclear or thermonuclear 
v«rheads. The blast effects and radiation 
effects vMch result from the detonation of these 
warheads cause immediate physical damage to 
a large target area, and sickness and death to 
personnel a considerable distance from the 
explosion. The blast effects are, of course 
many times greater than those effected by the 
detonation of conventional explosives. After 
effects caused by the settling or faUout or 
radioactive material can result in sickness and 
death of personnel at great distances from the 
explosion, depending on wind and other atmos- 
pheric conditions. 

The development of tactical nuclear weapons 
with varied methods of delivery makes obsolete 
the concept that nuclear weapons are used only 
to devastate whole cities or metropolitan areas. 
We stUl have the large bombs and missUes to 
do the strategic job, but we also have the much 
smaUer weapons to gain tactical objectives. 

FUZES 

A fuze is a device that initiates the explosion 
Of the warhead. Ina guided missUe the fUze may 
or may not be a physical part of the warhead. 
In any case, it is essential to proper warhead 
operation. A large variety of fUze types is 
avaUable. The fuze type for a given application 
depends on characteristics of the target, the 

V *® Toensurethehighest 

probabUity of lethal damage to the target, fuze 

vSS! *® ^^^^ °" *e location, vulner- 
abUitjr, speed, size, and physical structure of 
the target. 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



Impact Fuze 

Impact fUzes are actuated by the inertlal 
force that occurs nvhen a missile strikes a 
target. Figure 3-8 is a schematic representa- 
tion of an Impact fuze and the explosives it sets 
off in the warhead. As shown in the left-hand 
diagram (fig. 3-8A), a charge of sensitive ex- 
plosive is contained In the forward end of the 
fuze; a movable plunger is mounted in the after 
end, where it is held in place by a spring or 
other suitable device. (The booster and main 
charge are not part of the fuze.) 

During the flight of the missile, the plunger 
remains in the after end of the fuze. When the 
missile strikes the target, it decelerates sud- 
denly, and the inertia of the plunger carries Jt 
forward. As shown in the rigfct-hand diagram, 
figure 3-8B, the plunger strikes the shock- 
sensitive priming mixture and detonates it. This 
charge in turn detonates the booster charge 
^ich detonates the main bursting charge of the 
warhead (fig. 3.9A). A time delay element is 
sometimes used in coniunction with an Impact 
fuze, so that the warhead can penetrate the tar- 
get before detonation (fig. 3-9B). 

An Impact fuze may be used In conjtmctlon 
with a fuze of another type, such as a proximity 
fuze. If the proximity fuze falls to operate as 



the missile approaches the target (fig. 3-9C), 
the Impact fuze will still function on contact. 
This comblnatlai of fuzes has been used chiefly 
on air-dropped bombs. The Sidewinder and 
Sparrow also use such a combination. 

Time-Delay Fuze 

Time delay fuzes are used In some types of 
gun projectiles. This fuze Is designed to deto- 
nate the warhead when a predetermined time 
has elapsed after firing or launching. One type 
of time-delay element consists of a burning 
powder train; another uses a clocklike mechan- 
ism. In either type, the time Interval cannot be 
changed after launching. For that reason, preset 
time-delay fuzes are unlikely to be used In guided 
missile warheads. Preset time-delay fuzes can 
be used for stationary targets. With a moving 
target, especially a fast moving one like a mis- 
sile or aircraft, the time delay would be In 
error most of the time. If the delay problem 
Is considered one of distance rather than time, 
the fuze can be placed at the rear of the war- 
head, and the desired result could be obtained 
as the warhead would penetrate the target be- 
fore the fuze could function. Such ftizes are 
usually used for armor-plerclng projectiles, 
and antitank missiles. 
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Figure 3-8.-.Impact fuze action: A. Before impact; B. After Impact. 
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Figure 3.9.-.Inauenee of fUze type on point of 
warhead detonation: A. Impact ftize; B. Time- * 
delay impact Atze; C. proximity fuze. 
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Proximity Fuzes 

Pl-oximity fUzes are often caUed VT (variable 
time) fuzes. They are actuated by some char- 
°' targetorthetargetarea 
dig. 3-9C). Several types of proximity fUzes are 
possible; for example} photoelectric, acoustic, 
pressure, radio, radar, or electrostatic. Each 
of these types could be preset to function when 
the intensity of the target characteristic to 
mAch it is sensitive reaches a certain magni- 

Proximity fUzes are designed so that the 
warhead burst pattern will occur at the most 
effective time and location relative to the target. 
Designing the fUze to produce an optimum burst 
pattern is not easy, since the most detJirable 
pattern depends largely on the relative speed of 
missUe and target. If targets with ^liddely vary- 
ing speeds are to be attacked, it might be pos- 
sible to adjust the fUze sensitivity for 'ite sjveed 
of the individual target, as predicted by u. com- 
puter. Proximity fUzes activate the wariieac' 
detonating system after integrating' two factors: 
the distance to the target, and the rate at which 
the range is closing. 

Since a proximity fUze operates on the basis 
of information received from the target, it is 
subject to Jamming by fblse information. This 
is one of the important problems in proximity 
fUze design. The fUzes are designed for the 
maximum resistance to countermeasures con- 
sistent with other requirements. If the fUze is 
made inoperative by Jamming, the missUe cannot 
damage the target unless it scores a direct hit. 
A more serious possibUity is that Jamming, 
instead of making the ftize inoperable, might 
cause premature detonation of the warhead 
before the missUe came within lethal range of 

counter-countermeasures 
(CCM) have he^n devised to counteract or by- 
pass the effects of enemy countermeasures. 

Although any of the effects listed above- 
photoelectric, acoustic, pressure, electromag- 
netic (radio, radar), or electrostatic-can be 
used as the basis for proximity fUze action, and 
although aU of them have been used at least 
experimentaUy, it has been found in practice 
that the radio proximity fUze is more effective 
than kny of the others. This fuze transmits 
high-frequency radio waves, which are reflected 
from the target as the missUe -approaches ft. 
Because of the relative motion /of missUe and 
target, the reflected signal, as received at the 



»1 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



missile, is of a higher frequency thanthetrans- 
mitted signal. The two signals, when mixed, 
will generate a Doppler frequency, the amplitude 
of which is a function of target distance. When 
this amplitude reaches a predetermined level, 
the iMZB functions and detonates the warhead. 
A iv.^lo fuze uses signals of a lower frequency 
thy^ 5 mtar fuze. 

aOOUSTIC systema (actuatedby sound waves 
frottx the taiget) are obsolete because of the 
speed of present day missiles, Mdiich outrun 
sound. Acoustical sensors are still used to 
activate mines and torpedoes. A diaphragm 
frr^i mechanism vibrates when sound waves 
>?r,der water strike it, exerting pressure on an 
ii eternal crystal that sets off the mine. The 
acoustic fuze must react only to specific sounds, 
not 0 all sounds. The need for sensitive but 
seli^'tive acoustic ftizes is one of the reac :ns 
for the NrTy studies on sovnds made hytl'h and 
sea mammals* 

MAGNETIC ifi£luciion mines can be Bet off 
by the magnetic field of an a; iproachlng ship, but 
this ay^em is not used In gt;lded missiles. 
Magnetostatic fUzing is also ur«Klforsid)surface 
targetSi bill its mB in air syste ms is still in the 
develcipmesital stage. The ma5>?etlc field that 
surrounds the rvarth, and the ^"^^v^tion in the 
earth's magneilii^Pk . c*Jled indw .d(i magnetism, 
are the forces used in magnetostatic fuzing. 

ELFJ/ROMAGNETIC fuzc^d may operate 
with radio, radar (microwave), infrared, or 
ultraviolet waves. The basic proximity fUze 
must ha\e a transmitter- receiver, amplifying 
circuitry to amplify the return signal so it will 
activate the detonator, electrical safety devices 
to prevent premature detonation, and a power 
supply to generate and provide electrital power 
to the fUze. 

ELECTROSTATIC fuzing has application over 
short distances* It may use active, semiactive, 
passive, or * semipassive modes of operation. 
Air targets become electrostatically chargedas 
they pass through the atmosphere, but water 
vapor or rain dissipates much oi the charge, 
which poses a prbblem for the fuze. 

HYDROSTATIC fuzes are operated by the 
pressure variations in the ocean as caused by 
the passing of a iship or submarine. To avoid 
premature firing by natural wave action; 
pressure«firtag mechanisms are designed .so 
theiy wlU not be affected by. such motion 6f ikf) 
water, l^ressure-firing mechanisms are seldom 
used iaone,butaregeneraUycombt'^edwiiaiott^^ 
itifluence-fired devices, A hydrosi^tief^^ 



also be called an AMBIENT fuze, that is, a fuze 
acted upon by the environment of the target, 
rather than by the target itself. 

AMBIENT type fuzes might be used against 
stationary ground targets but they could not re- 
act swiftly enough to follow the almost in- 
stantaneous changes of altitude that a missile 
or modern aircraft could undergo. Also, a 
target could be thousands of miles from the 
launching point of the missile and it would be 
extremely difficult to know the best air pressure 
value to set into the fuze for detonation. 

PHOTOELECTRIC ftazes react to ^^emal 
light sources and ordinarily are inot^rable in 
conditions of low visibility. 

Ground-ControUiBd Fuzes 

In g^'OUVAd'* 01 ship-controlled fuzes, some 
device is employed to measure the distance 
from missile to target. The control device is 
not mounted in the fuze, but at some remote 
control point. When the proper distance exists 
between missile and target, a signal is seit . from 
the control oolnt to <pause detonation of the war- 
head, method is most often used ^Ith 
rraciear warheads. Otu* missiles in silos (Mln-« 
uteman, for example) are ground controlled. 
Studies are underway to make possible control 
from the air. 

Design Considerations 

A tme must be rellabU, accurate, and safe. 
It must he safe for the men who must han(£le it 
and also safe against couritermeasures by the 
enemy. At the same time, it must be sensitive 
enou^ to detonate upon signal. To Increasethe 
prcbability of an optimum dt^tonati/^n, the weapon 
designer may put in duplicate systems (re- 
dundancy), or he may have two types of fuzes, 
so that if one fails there Is anotHiter. The many 
varU^lles that must be consider: ed in designing 
a fuze for a guided missile m'ike it a difficult 
mi complicated prbblem requiring ccxistant 
studly and e:ii)e.";j;aentatlon to make improve- 
mecAs. 

SAFETY AND ARMING.— Each fuze has a 
^fCife^ and arming (S&A) device to control the 
detonation of the payload, so there will not be a 
premature detonation nor a dud. While this is 
important tm all weapons, it is especially so 
for nuclear warheads. Redundancy is used to 
eni^^re arming at the proper instant and safety 
at ah other times. The safety device shown 
hi flpire 3-10 is a liiysical barrier between 
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Figure 3-10.-Schematlc of typical explosive train with safety device. 
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the sensitive and Insensitive segments of the 
explosive train. This physical barrier Is not 
removed until armed status Is required. It Is 
usually of metal and acts as a fuze might. The 
purpose of this barrier Is to prevent detonation 
of the large segments of Insensitive e^qtloslve 
if the fuze is unintentionally activated. 

The safety devices included In the S6A are 
designed to prevent accidental activation. The 
purpose of the primary safety mechanism Is 
for safe functioning of the missile; the secondary 
safety device is mainly for the purpose (tf over- 
coming countermeasures. This is becoming 
increaslnie^y complex. 

Since the arming device is actuated by a 
specific signal, such as the radar \vave8 from 
a target, the countermeasure may supply a fidse 
target signal. By launching a decoy, or by some 
other method the enemiy may deceive the arming 
device. The safety device must prevent arming 
by the fklae signal. As mentioned befor^, this is 
a complex prdblem v/lxith requires -ebnstaitt 
study. A further complication is the &ct that 
the S&A device cannot be given a complete test, 
for to do ^ wuld destroy the S&A in most 



cases. This Is too Costly. Instead, redundancy 
Is used in both safety and In arming devices to 
achieve a high reliabUlty. 

FUZE POSITION IN WARHEAD.-In gen- 
eral, fuzes may be classified as NOSE FUZES, 
located in the nose of the warhead, or BASE 
FUZES, located at lts.after end. The fuze or com- 
bination of fUzes to be used, and their Ibcatlon 
in the wartiead, depend on the mission at hand 
and the effect desired. Proximity fuzes are 
always in the nose of the mlssUe. 

SIGNAL AMPLinCATION.-The signal re- 
ceived from the target may need to be amplified 
to be of sufficient strength to be read by the 
fuze. The type of amplifier used depends on the 
signals received by the target detection device 
(TOD), whether they are infrared rays from the 
target, radar waves, or audio signals. 

The fUze booster amplifies the detonation 
signal sent by the fuze. The amount of e3q)loslve 
in the- fUze itself Is very small but very sensitive. 
The fuze booster is larger and less sensitive: 
it multiplies the strei«th of the fUze signal and 
inlttetes the detonation in the next portion of the 
explosive train. 
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TELEMETERING SYSTEMS 

THE NEED FOR TELEMETERING 

When any complex device or system Is under 
development, It must be given an exhaustive se- • 
ries of tests ¥ihlch will reveal its operating 
characteristics and serve as a basis for its 
tactical evaluation. With most devices and sys- 
tems, conditions are such that human Observers 
can study these characteristics closeathandand 
measure numerous qiiantities v*ille the device 
or system is in actual operation. For example, 
a new airplane is repeatedly llown under varying 
conditions by a skilled test pUot. Each flight 
provides first hand information to the pilot, as 
well as Information derived from specialized 
recording instruments carried In the plane. 
Should the plane crash, with the loss of the 
pilot and recording equipment, the cause of 
failure may never be determined. 

The problems encountered to missile de- 
velopment are greater than those met In airplane 
development since the missile cannot be flight- 
tested by a human pilot. Inmost cases a missile 
Is lost forever shortly after launchlng^-belng 
reduced to Junk on striking the surftrce of the 
earth; or fiOllng Into the sea. 

The test versions of Regulus were designed 
for Intact recovery after test flights, and re- 
cording equipment to indicate the second-by- 
second performance of missile components could 
be carried within the mlssUe Itself. But most 
missiles are nbnrecoverable. Tdemeterlng 
equipment Is therefore essential to ah evalua- 
tion of component aiKl system performance, 
and to Indicate the cause of component follure. 

As you know, guided missiles are subjected to 
a series of rigid systeins tests on the ground 
during and after their development. However, 
the results obtiOned on the ground may be very 
different from those obtahied from a missile In 
flight. Temperatures,' pressures, and accelera- 
tions encountered in flight may significantly 
changei thcl operation of the mlsfslle.: Electronic 
and other t]np<9S of control systeni equlpm^^ 
react very differently under the* stress of fllg^it 
conditions than they db on the ground. For 
these reasons, certain ni^t-test methods have 
been developed to provide ground personnel 
with an accurate basis for determhihig in-Qlght 
perfbrmahce. ^ 

Theise flight- testing methods rely on a pro- 
cess caUed.TELEMETERING, The word *^tde- 
meter* Is of Greek orlgtai and means meas- 



urement from a distance.* In actual 
telemetering practice, the measurements are 
done by various equipments In the missile while 
It Is In flight. These measurements are then 
transmitted to a ground station by electronic 
means and analyzed partly during the flight and 
partly after the fll^t. This telemetering 
permits the measurement and study of missile 
component performance from a remote point. 

PHOTOGRAPHIC RECORDS 

Photogri4;>hlc or other recordings made In 
the missile Itself are not considered telemeter- 
ing, because there is no great distance between 
the measuring and the recording Instruments. 

One basic exception Is visual measuring 
(sometimes referred to as external telemeter- 
ing) that Is done at remote stations rather than 
In the missile. An example Istheuse of cameras 
(at the launch site or other points) which are 
used to photograph the missile's flight. One such 
camera, the THEODOLITE camera, takes pic- ^ 
tures of the missile hi flight, and, at the same 
time, continuously records the azimuth and 
elevation of .the camera, as well as the tln^e at 
which each frame Is exposed. By using two or 
more of these cameras and a trlangulatlon 
process, a missile's range, bearing, altitude, 
and velocity can be computed for any Instant of 
flight. This data can then be plotted to show the 
missile's flight path. Other Information, such as 
missile flight attitude, control surface move- 
ments, target Intercepts, and any breaking up of 
the mlsslld due to malfunction, can also be ob- 
tained from the pictures. The Information ob- 
tained from visual recordings Is, of course, 
limited by the quality of the camera (resolving 
power, etc.), the weather, and the range of the 
missile. Although visual recording data Is 
very valuable In- missile development and flight 
testtag, It Is limited to overaUmlssUe perform- 
ance and therefore cannot show the Internal 
operation of the missile components. 

An instrument panel observed through a 
television camera constitutes a form of tele- 
metering with a large number of channels, in 
•which quantitative Information Is made Unme- 
dlately available for observation and recording. 

RADIO TELEMETERING 

Telemetering of data relating to the mis- 
sile's internal operation Is accomplished byjhe 
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use of a radio link. Radlotelemeterlnghas been 
In use since the mld-thlrtles, especially for 
transmitting weather data gathered by balloon- 
supported Instruments. This data Is emitted to 
remote stations by radio transmitters. The 
principal element of this kind of equipment Is 
called RADIOSONDE, and Is still one of the 
aerographer^ s most Important weather- 
predicting devices. Suspended from weather 
balloons, radiosondes provide weather Infor- 
mation by sampling the readings of various 
meteorological Instruments In sequence. Re- 
sistance values are causedto vary wlthhumldlty, 
temperature, etc. This variation in turn causes 
modulation of thetransmitter carrier frequency. 

A simple telemetering system might meas- 
ure only ''yes-no* information such as whether 
or not the fuze Is armed at any given Instant. 
This type of system teUs an observer when an 
event has taken place. A usual method Is to 
change an audio modulation frequency each time 
an event takes place. The frequency change 
gives evidence that the transmitter was working 
both before and after each successive event. 
In such a transmitter no rigid demands are 
made on the stabUlty of the audio frequency, 
or upon Its waveform. 

Missile radio telemetering systems (Includ- 
ing ground equipment) are usiially designed to 
carry out the following major processes: 

1. Observation of missile functions. 

2. Conversion of the measured quantities 
into electrical signals. 

3. Transmission of the signals from the 
missile to a receiving station. 

The receiving station performs the following 
ftmctions: 

1. Receives the transmitted signals. 

2. Decodes the signals. 

3. Displays various data in visual form. 

4. Records information permanently for fu- 
ture use. 

The requirement that the telemetering sys- 
tem accurately transmit a large amount of data 
in a short period of time has resulted in the 
development of very reliable radio telemetering 
systems i^lch employ MULTIPLEXING to pro- 
vide the necessary number of data channels. 

TELEMETERING REQUIREMENTS 

Guided missiles present their ownpeculkr. 
pr6blems, caused by limited space, hl^ launch- 
ing acceleration, high speed, and thci^aried and 
numerous measurements required. 



A great deal of information is needed dur^ 
ing the various stages of a missile test or 
development program, on such subjects as 
launching performance, flight data, and oper- 
ation of the control and guidance systems. 
Data measured by the telemetering systems 
of guided missiles include (1) changes of atti- 
tude in roU, pitch, and yaw; (2) flight data such 
as air speed and altitude; (3) missUe accelera- 
tion during launching or maneuvering; (4) am- 
bient conditions of temperature, humidity, and 
pressure; (5) structural information such as 
vibration and strain; (6) control functions, 
such as operation of the control receiver, auto- 
pilot operation, servo operation, displacements 
of control surfoces, and operation of the homing 
or other target-seeking equipment; (7) pro- 
pulsion Information, Including fUel flow and 
thrust, temperatures and pressures in the 
rocket assembly; (8) ordnance functions such as 
fUze arming time; (9) upper-air research data, 
such as sampling for cosmic radiation; (10) the 
performance of the electric, hydraulic, and pneu- 
matic systems; and (11) Information on theper- 
formance of the telemetering equipment Itself, 
Including reference yoltages for calibration and 
time marks, to permit synchronizing recordings 
as received by several different receivers lo- 
cated along the flight path. 

Many of these measurements are Inter- 
related. Some of them require a high order 
of time resolution, especially as the speed of 
the missile Increases. For others, a few 
samplings per second are adequate. A tele- 
metering system must be capable of transmitting 
large amounts of varied data each second. 
With so much information to be handled, a 
multi-channel system is plainly Indicated, 
because a single commutated channel would not 
give sufficient time resolution. 

. The mlssUe-borne telemetering equipment 
must meet certain design specifications which 
include: 

1. Being sufficiently light in weight so the 
flight characteristics of the missile will not be 
affected. 

2. Being rugged enough to withstand the 
severe forces, pressures, and temperatures 
encountered during missile flight. 

3. Being small enough to permit ease of 
installation. 

4. Being expendable. 

5. Being reliable enough to ensure that the 
quantities being measured are fkithfUUy trans- 
mitted to the receiving station. Because most 
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missiles are fired only oncei the telemetering 
must be reliable or a sizable expenditure of 
time and money will be wasted. Accuracyi sta- 
biUty, and simplicity are imperative. Because 
of these requirementSi telemetering personnel 
check their calibration work Just prior to 
launching. Launching subjects the missile- 
borne telemetering equipment to severe con- 
ditions of acceleration, vibration, and some- 
times condensation. For example, yAien a mis- 
sile is launched at high altitude from a parent 
plane, tts parts may be cold. When the missile 
reaches a lower altitude, the condensation 
that takes place may impair operation of the 
telemetering equipment. 

The missile may roll, or it may be thrown 
into a climb or dive, and through all these 
gyrations the telemetering equipment must con- 
tinue to function. A directional antenna may 
cause the signal to be lost entirely^ long 
with valuable Information, at a critical time; 
such an antenna requires a number of data- 
receiving stations to ensure continuous recep- 
tion. The pattern of the antenna on the missile 
should be such that reception is not impaired 
by changes in missile attitude. The antenna 
should be designed for minimum aerodjrnamic 
drag; with supersonic missiles^ this require- 
ment is particularly important. Nose probes 
or an insulated section of the missile nose are 
sometimes used as radiating surfaces. In 
some missiles, a part of the airframe itself 
is excited by a feedline and serves as a trans- 
mitting antenna. 

As in any system of measurement, the te- 
lemetering system should neither impair the 
operation of the equipment it monitors, nor 
exert an undue influence on the quantities it 
measures. In small missiles, the distribution 
of telemetering instruments must be so ar- 
ranged that the center of gravity remains un- 
disturbed. 

COMPONENTS OF A 
TELEMETERING SYSTEM 

The nature of the telemetering installation 
is determined by the requirements of the par- 
ticular test, and the exact functions to be te- 
lemetered for each flight must be car^ftiUy 
chosen. For example, a small nuniber of 
functions may be studied with great precision, 
rather than a larger nuniber of functions on a 
time-sharing basis* Such a selectioa might 



also result in a saving in the time required 
for missile instrumentation. 

Missile telemetering systems in general 
consist of the components shown in figure 3-11 • 
The END INSTRUMENTS located in the missile 
measure the desired quantities, and produce 
corresponding data signal voltages which are led 
to a bank of subcarrier oscillators. Here the 
data signals frequency-modulate the oscillators. 
The resulting signals are combined to produce a 
single complex signal vAiich is then impressed 
on a v-h-f carrier signal and transmitted by the 
missile telemetering antenna. At the remote 
receivUlg station, the transmitted signal is 
received and eventually broken down into its 
components, permanently recorded, and 
analyzed. 

End Instruments 

The end instruments are the sensingdevices 
which are carried in the missile to observe the 
components on ^Ich information is to be tele- 
metered. 

End instruments that are common to all 
systems fall into two classes: PICKOFFS and 
TRANSDUCERS. (Transducers are sometimes 
referred to as pickups.) In telemetering par- 
lance, the term ''pictoff" is usually reserved 
for devices which collect data in electrical form 
and relay that data in electrical form. 

The term "transducer" generally is re- 
served for the devices that convert nonelectrical 
indications-for example, mechanical motion— to 
voltages which can be used for telemetry trans- 
mission purposes. 

(Because of the necessity for compact mis- 
sile equipment, telemetering end instruments 
are very often built into the missile as integral 
parts of the overall system.) 

The exercise head is the location of the 
major components of the missile telemetering 
equipment. When the exercise head is installed, 
connections are made to the missile components 
that are to be tested. 

The most conunbn type of telemetering sys- 
tem Used for guided missiles is the f-m/f-m, 
or DOD (Department of Defense) system. Pulse 
telemetering systems are also used to a limited 
extent. 

The f-m/f-m telemetering system uses the 
basic techniques of frequency modulation and can 
be used to transmit large quantities of missile 
data very rapidly. 
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Figure 3-11. -Basic telemetering system. A. Location oif components In missUe:* " 
B. Simple block diagram of a 3^^|:]iannel f-m/f-m telemetering system. 
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Pulse telemetering systems qperate on a 
time-sharing basis; that is; they transmit sepa- 
rate items of information one at a time and in a 
regular sequence. The missile data suppliedby 
all the channels are transmitted on the same 
carrier wave; but each channel is sampled for 
comparatively short intervals of time and is 
permitted to modulate the transmitter only dur- 



ing those intervals. This process is often re- 
ferred to as TIME-DIVISION MULTIPLEXINa 
Data transmitted f^om the missile may be 
observed on instruments as the flight pro- 
gresses, and simultaneously recorded on film 
or magnetic tape. Suitable decoding and com- 
puting equipment are used to facilitate the work 
of data reduction and analysis. 



CHAPTER 4 

MISSILE PROPULSION SYSTEMS 



INTRODUCTION 

A brief history of the evolution of missile 
propulsion systems was presented in chapter 1. 
Chapter 3 gave an overview of the types of 
propulsion used in present-day missiles^ and of 
possible future developments. This chapter will 
present the principles of operation of the differ- 
ent propulsion systems and the application of 
basic laws of science to thenu The different 
types of prppellants used and the methods of 
using them are discussed. Advantages and dis- 
advantages of each type are recounted. New 
combinations and eiqperimental propellants are 
touched upon* 

GENERAL 

The propulsion system of a missile is the 
entire system required to propel the missile 
including the engine, accessories suchas^nimps 
and turbinesi pressurization system, tankage and 
all related equipment. 

UntU the start of World War n, the recip- 
rocating engine-propeller . comUnation was con- 
sidered satisfactory for the i^opulsion of air- 
craft. We have already e}q>lained the speed 
limitations of propeller-driven craft. : As the 
speed of the propeller approaches the speed of 
soundi shock waves form and limit the devel- 
opment of thrust. This condition requires the 
use of extremely large engines to produce any 
further increase in ^ed. Research in the 
design of propellers may make it possible to 
overcome some of their limitations. But at 
presenti some form of Jet propulsion is re- 
quired for high subsonic and supersonic speeds/ 

Guided missiles must travel at high speeds 
to lessen the probability of interception and de^x 
struction by enemy counterineasurea. Although 
a few hig^-subsonic missiles are stiU opera- 
tional for use against surface targets, most of 
those on hand are used fbr target practice. The 



increasing efficiency of countermeasures tends 
to make all subsonic missiles obsolete. Missiles 
intended for use against high-speed enemy mis- 
siles and manned aircraft must be capable of 
his^ speeds. All air-to-air and surface-to-air 
missiles now operational fly at siqpersonic veloc- 
itieisi and depend on some form of Jet engine for 
propulsion. 

Jet propulsion is a means of locomotion 
brought about by the niomentum of matter 
e:q)elled from the after end of the propelled 
vehicle. This momentum is gained by the com- 
bustion of either a solid or a liquid fuel. Com- 
pared to reciprocating engineSi Jet propulsion 
systems are simple in construction. The basic 
components of a Jet engine are a combustion 
chamber and an exhaust nozzle. Some systems 
require accessory components such as pumps, in- 
jectors, turbines, dIffUsers and ignition systems. 

CLASSinCATION OF 
JET SYSTEMS 

Jet propulsion systems used in guided mis- 
siles may be divided into two types: ducted pro- 
pulsion systems (also called atmospheric Jets) 
and rockets. 

Bfissiles using a ducted propulsion system 
are air-breathing missiles; they are incapable of 
operating in a vacuum. The missile takes in 
a quantity of air at its forward end, increases 
its momentum by heating it, and produces 
thrust by permitting the heated air and fuel 
combustion, products to expand through an ex- 
haypt nozzle. This process may be broken 
down into the following steps: air is taken in 
and compressed; Uquid fuel is injected into 
the compressed air; the mixture is burned; 
.and the resulting hot gases arid e3Q)elledtfarou^ 
a nozzle. The air may be. conynressed in any 
of several ways. In a turbojet engine air is 
compressed by a rotary compressori which in 
turn is operated by a turbine located in the 
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path of the e3diau8t gases and mounted on the 
same shaft as fhe compressor. (A turboprop 
enginsi now used In some manned aircraft but 
not in guided missiles^ makes use of a propel- 
ler mounted at the forward end of the com- 
pressor turbine shaft.) In a pure duct system, 
such as. the ramjet, air is conqpressed by the 
forward motion of the missile through it. The 
now obsolete pulsejet also depends on for- 
ward motion for compression. It differs ftom the 
ramjet in that combustion is intermittent, rather 
than continuous. 

Rockets do not d^end on air intake for 
their operation, and are therefore capable of 
traveling beyond the atmosphere. A rocket 
engine carries with it all the materia re- 
quired for its operation. These materials 
usually consist of a fuel and an oxidizer. The 
oxidizer is a substance capable ci releasing 
all the oxygen required for burning the 
fUeL 

Figure 4-1 charts the types of JetpropiOsion 
systems. Both types, rockets and atmospheric 
Jets, receive their thrust as reaction to the 
esdiaust of combustion gases. Jet engines fre- 
quently are called reaction motors, since the 
exhaust gases produce the action while the 
opposite motion of the missile or aircraft rep- 
resents the reaction. Both types can be called 
thermal Jets because they are dependent on the 
action of heat. The reaction which propiels the 
Jet engine occurs WITHIN the engine, and does 
not occw as a result of the esdiaust gases 
pushing against the air. 



PRINCIPLES OF JET PROPULSION 

BASIC LAWS AND FORMULAS 

Before taking up propulsion systems, let us 
review the way gases are affected by variations 
in pressure and temperature. Gases at high 
temperatures and pressures are used in the 
main propulsion systems (tf missiles, as well 
as for driving various mechanisms within many 
missiles. These gases may be in the form of 
high pressure air (or other inert gases) stored 
in flasks, or in the form of fuel combustion 
products. The use of stored compressed gas 
has been limited to small vernier rockets in 
ballistic missile reentry bodies, but flasks of 
compressed gas are used to operate parts of 
missiles, for launching Polaris, and for dud- 
Jettisoning some missiles. 

Absolute Pressure 

Although we live at the bottom of an ocean 
of air, we do not feel the pressure which the 
atmosj^ere exerts on us because it is nearly 
equal in all directions. 

In all problems involving the laws of gases, 
pressure should be figured in pounds per square 
inch absolute, which is the gauge pressure 
plus 14.7 psi at sea level. 

Absolute Temperature 

Hie tenqperature ci a gas can be measured 
with respect to an absolute zero value. This 
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value, vWch is usuaUy esqpressed in terms of 
the centigrade scale, represents one of the 
itindamental constants of jdiysics. ft was estab- 
lished experimentally during a series of tests 
made in the study of the kinetic theoryof gases. 

According to this view, a gas, like other 
forms of matter, iscomposedof molecules made 
up of combinations of atoms. Normally, the 
molecules of any substance are in constant 
motion. In the gaseous state, the motions are 
assumed to be entirely random. That is, the 
molecules move freely in any direction and are 
in constant collision, both among themselves 
and with the walls of the container. The moving 
particles possess energy of motion, or kinetic 
energy, the total of which is equivalent to the 
quantity of heat contained in the gas. When 
heat is added> the total kinetic energy is 
increased. When the gas is cooled, the thermal 
agitation is diminished and the molecular ve- 
locities are lowered. 

The molecules do not all have the same 
velocity, but display a wide range of individual 
velocities. The teniperature of the gas, accord- 
ing to the kinetic theory, is determined by the 
average energy of the molecular motions. Pres- 
sure is accounted for by considering it as re- 
sulting from the bombardment of the walls 
of the container by the rapidly flying molecules. 
The particles are considered to have perfect 
elasticity, so that they rebound fipom the walls 
with the same velocities with which they strike 
theoL 

In accordance with the kinetic theory, if the 
heat energy of a given gas sample could be 
reduced progressiviBly, a temperature would 
be reached at which the motions of the mole- 
cules would cease entirely. U known with 
accuracy, this teniperature could then be taken 
as the absolute zero value. Itwas assumed from 
the experiments that .273''C represents the 
theoretical absolute zero point at which all 
molecular motion ceases, and no more heat re- 
mains in the substance. All gases are converted 
to the liquid state before this temperature is 
reached. 

Gas Laws 

In the e:q[>eriments to determine absolute 
pressure and absolute temperature, the behavior 
of gases under different pressures and tem- 
peratures revealed the laws of gases.^ Any 
change in the temperature of a gas causes a 
corresponding change in the pressure, maUngit 
necessary to consider temperature, pressure. 



and volume together. The same ratios of change 
of volume and pressure were found to be present 
in all gases, and they were found to be constant 
over a wide range of temperatures. 

The first law of gases is Boyle's law: 
The volume of any dry gas, the tem- 
perature remaining ccxistant, varies in- 
versely with the pressure on it; that is, 
the greater the pressure, the smaller 
the volume becomes. 

This is true only if the temperature has 
remained the same. 

In general, when the pressure is kept con- 
stant, the volume of a gas is proportional to its 
absolute temperature. This is known as Charles' 
law.* 

All gases expmd and contract to the 
same extent under the same change of 
teniperature, provided there is no change 
in pressure. 

Finally, since the volume of a gas increases 
as the temperature rises, it is reasonable to 
expect that if a confined sample of gas were 
heated, its pressure would increase. Experi- 
ments have shown that the pressure of any 
gas tapt at a constant volume increases for 
each degree centigrade rise very nearly 1/273 
of its pressure at 0^ C. Because of this finding 
it is convenient to state this relationship in 
terms of absolute tenqperatures. For all 
gases at constant volume, the pressure is 
proportional to the absolute temperature. 

The general gas equation comes from a 
combination of Boyle's law and Charles' law, 
and it is expressed by combining their equations 
into one. That is: 



V2 



where Pj and Tj are the original pressure and 
temperature and P2 and T2 refer to the new 
pressure and temperature; and V« refers to 
the original volume and Vo refers to the 
new volume. In using this formula be sure that 
pressure and temperature are in absolute units. 

All real gases depart somewhat from the 
Boyle-Charles law (ideal gas law). Missile 
designers must apply the laws, with the variation 
for the gas to be used, in their design of the 
Jet propulsion systems. Tlie gases are produced 
hy the burning of the propellant (liquid or solid); 
the missile design must channel the gases to 
produce the most thrust avaUable from them. 
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APPLICATION OF BASIC LAWS 
TO MISSILE PROPULSION 

The two most common methods by which we 
produce thrust are hy mechanical means (pumps 
or fans)i and by thermal means (chemical reac- 
tion). The squid is an example of the mechanical 
Jet found in nature. It draws water into its body 
and then by muscle contraction forces this water 
rearward throughasmall opening at anincreased 
velocityi thus propelling itself forward. 

In our study of guided missiles we are 
concerned with thermal Jets— those that operate 
by reaction to the exhaust of combustion gases. 

With the help of some elementary mafhe- 
maticsi we will show how a Jet-propulsion sys- 
tem develops the thrust required to propel a 
guided missile. All Jet-propulsion systems are 
based on the principles expressed in Newton's 
second and third laws of motion, discussed in 
chapter 2. According to Newton's second law, 
the acceleration of a body acted on by an un- 
balanced force is in the direction of the applied 
force, directly proportional to the magnitude of 
the force, and inversely proportional to the 
mass of the body. This relation can be ex- 
pressed as a formula: 

F = Ma 

or, force equals mass times acceleraUon, with 
force expresaed in pounds, acceleration in feet 
per second per second, and mass in SLUGS. 
(A slug is a unit of mass; the mass of a body in 
slugs is equal to its weight, in pounds, divided 
by the acceleration due to gravity in feet per 
second per second.) The weight of any given 
mass varies, depending on the force of gravity, 
which varies with the distance from the earth's 
center. The relation between weight and mass 
can be e3q)ressed in the formula: 



M = 2L 

s 



where v< is the initial velocity of a mass, vo 
its final velocity, and t the time during which 
this change of velocity occurs. If we substitute 
the above value of acceleration in the original 
formula, F = Ma, we get 



F = 



MVg-MVj 



Since Mv is momentum, the above formula 
shows that the thrust produced by a Jet engine 
is equal to the rate of change of momentum of 
its working fluid. We can write the above 
formula as follows: 

F = m (Vg - Vj) 

where m represents M/t, and is called the mass 
rate of flow of the working fluid in slugs per 
seccxid. 

In the original equation, F = Ma, we can 
substitute tlie equivalent weight fDr mass, and 
get 

^" g 

When we apply this formula to a Jet propul- 
sion system, F is the unbalanced force that 
accelerates the working fluid through the ex- 
haust nozzle, and a is the acceleration of the 
fluid in feet per second per second. In accord- 
ance with Newton's third law of motion, the 
forward thrust developed by the Jet propulsion 
system is equal and opposite to the unbalanced 
force appUed to its working fluidl 

Now, let W equal the total weight of working 
fluid that flows through a missile propulsion 
system during the time the system is producing 
thrust, and let t equal the total time during 
which the system develops thrust Then W/t is 
the weight rate of flow of working fluid, in 
pounds per second. Letting w = W/t, we can 
now write a formula for the thrust developed 
by a Jet propulsion system: 



in which M is the mass in slugs, W the weig^ 
in pounds, and g the acceleration due to gravity 
in feet per second per second (sqn>r6ximately 
32.2 ft/sec^ at sea level). 

Acceleration Is the rate of change of veloc- 
ity. This is expressed in the formula 



T=|(V2-V,) 

where T is the thrust in pounds; w is the weight 
rate/Qf flow of the worldng fluid, in pounds per 
€ec(xid; vi is the initial (intake) velocity of the 
working fluid; Vo is the final (e^ust) velocity 
of .the fluid; aiEl g is the acceleration due to 
gravity. TTiis equation gives the thrust iqnplied 
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to tucpel the working fluid flrom the exhaust 
nozzle of the engine. And, in accordance with 
Newton's third law of motion, the same equation 
also expreaaeB the forward thrust developed 
by the propulsion system to propel the missUe. 

Fipire 4-2 represents a Jet engine which 
IS taking in air at its forward end at a speed 
of 1000 feet per second. The burning fuel 
within the engine heats the air and increases its 
speed to 2000 feet per second. If we assume 
that the working fluid flows through the engine 
at the rate of 64.4 pounds per second, application 
of the thrust formula shows that this engine is 
developing a thrust of 2000 pounds. 

Note that the thrust developed by an engine 
is always expressed in pounds of force, not in 
terms of work or horsepower. A Jet engine 
that is flred in a test stand does not move. It 
therefore does no work, and consequently de- 
velops no horsepower, although it may exert its 
maximum thrust. At a velocity of 375 miles 
per hour, one pound of thrust wUl develop one 
hors^wer. For a missile in actual flight, it is 
possible to calculate the horsepower developed 
by the propulsion system from the formula: 

Horsepower = ^ 

where V is the missile velocity in miles per 
hour, T is thrust in pounds, and 375 is a con- 
stant having the dimensions of mile-pounds 



per hour. For example, assume that a missile 
traveling at 3750 mph has 56,000 pounds of 
thrust. The above equation shows that the 
engine is developtag 560,000 horsepower: 

3750 X 56.000 ^ 
- jfs ^ — = 560,000 hp 

Although it is possible to calculate the horse- 
power developed by the propulsion system of 
a missile in flight, the student should remem- 
ber that Jet-propulsion engines are always 
rated in terms of pounds of thrust, rather than 
in horsepower. 

A rocket engine takes in no air fi-om the 
atmosphere; its working fluid consists of the 
combustion gases resulting from burning fuel. 
Since the rocket carries its own supply of 
oxygen as well as its fuel supply, the iiritlal 
velocity of the working fluid, relative to the 
missile, is zero. Thus, the formula for the 
thrust developed by a rocket engine reduces to 

T = ~v 
S e 

where w is the rate of fuel and oxidizer con- 
sumption in pounds per second, and v« is the 
exhaust velocity of the gases. But the above 
formula expresses only the thrust due to mo- 
mentum of the working fluid. If the pres- 
sure of the working fluid, after it leaves the 
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exhaust nozzlOi is greater than the pressure 
outside the missUei the actual thrust is less 
than that given by the above formula. It is 
obvious that if the gases that have left the 
missile are at a higher pressure than the sur- 
rounding atmosphere or space, these gases 
are capable of doing M^rk. That work, which 
might have been used to propel the missilSi 
will be wasted. A more accurate formula for 
rocket thrust is: 

T=2^ V +(P -P ) 
* g e ^ a e' e 



in which P^^ is the pressure of the surrounding 
atmosphere (or space), Pq is the pressure of 
the exhaust Jet| and A^ is the cross-sectional 
area of the exhaust Jet If the exhaust nozzle 
can be so designed that it decreases the pres- 
sure of the exhaust jet to that of the surround- 
ing spacsi the pressure term in the above 
equation becomes zero. This condition repre- 
sents the maximum ihrust available for any 
given propellant and chamber pressure. Al- 
though this condition cannot be fully attained 
in actual practice, well-designed nozzles make 
it possible to approach it closely. 

It is a common misconception that Jet en- 
gines operated by pushing against the surround- 
ing air. Ducted Jets depend on air as a work- 
ing fluidi but they do not need air for the 
exhaust to push against. Rockets require no 
air. Air acts only to impede the motion of a 
rocketi first by drag, and second-by hindering 
the high-speed ejection of the exhaust gases. 
Thus rockets operate more efficiently in a 
total vacuum than they do in the atmosphere. 

COMPONENTS OF JET PROPULSION 
SYSTEMS 

To achieve high thrust, it is necessary to 
produce large quantities of exhaust gases at high 
temperatures and pressures. To produce these 
exhaust gaseSi Jet propulsion systems consist 
of a combustion chamber, an exhaust nozzle, 
and a ftiel supply. liquid-fuel systems require 
additional parts, such as injectors, pumps, 
and ignition systems. Air breathing engines re- 
quire diffusers at the air intake. 

COMBUSTION CHAMBER 

The combustion chamber is that part of the 
system in which the chemical action (combustion) 



takes place. Combusticm is necessary to provide 
thrust. Useful thrust cannot be attained in an 
atmospheric Jet unless the conibustion products 
are esdiausted at a velocity greater than that of 
the intake gases. 

In all thermal Jets, the heat energy released 
by the combustion process is c<xiverted to kinetic 
energy throughexpansionof the gases of combus- 
tion as they pass through the exhaust nozzle. 

The chamber is usually a cylinder, although 
it may sometimes be a sphere. Its length and 
diameter must be such as to produce a chamber 
volume most suitable for conqAete and stable 
combustion. The chamber length and the nozzle 
exit diameter are determined by the propellants 
to be used. Both must be designed to produce the 
optimum gas velocity and pressure at the nozzle 
exit. 

EXHAUST NOZZLE 

An exhaust nozzle is a nonuniform chamber 
through which the gases generated in the com- 
bustion chamber flow to the outside. Its most 
important areas are the mouth, throat, and exit, 
identified in figure 4-3. The function of the noz- 
zle is to increase the velocity of the gases. The 
principle involved was announced many years 
ago by a Swiss physicist, Daniel BernouUi. Ber- 
nouUi's principle applies to any fluid (gas or 
liquid). It may be stated as foUows: ''Pro- 
vided the wei^t rate of flow of a fluid is 
constant, the speed of the fluid will increase 
where there is convergence in the line. It wiU 
decrease where there is a divergence in the 
line.'' Figure 4-4 iUustrates this principle. 
The velocity of the fluid will increase at point 
#1. At the point of divergence, point #2, the 
speed of the fluid will decrease. The increase 
in speed between points #1 and #2 is caused by 
a conversion of potential energy (fluid pressure) 
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to kinetic energy. Thus the pressure drop of 
the fluid through the restriction is proportional 
to the velocity gained. When the fluid reaches 
point #2, the kinetic energy is again converted 
to potential energy. At point #2, the fluid 
velocity decreases, and the pressure of the fluid 
increases. 

This relationship holds truefor subsonic flow 
of gases. In the convergent nozzle in figure 4-5 
A, the speed will increase up to the speed of 
sound, depending on the degree of convergence. 
Such nozzles are often used on subsonic turbo- 
Jets. It has been found that, with a nozzle of 
mis type. If the internal pressure of the com- 
bustion chamber is more than about 1.7 times 
the external pressure, an excess pressure re- 
mains in the gases after they leave the nozzle. 
TJis excess pressure represents wasted energy. 
The performance of combustion systems using 
this type of nozzle is therefore limited. 

In the divergent nozzle in figure 4-5B 
gases at subsonic speeds wlU slow down, de- 
pending on the degree of divergence. 

Gases at supersonic faster than sound) 
speed behave differently. As these gases pass 
through the divergent nozzle, their velocity is 
INCREASED because of their high state of 
compression. The drop in pressure at the point 
of divergence causes an instantaneous release 
of kinetic energy, which imparts additional 
speed to the gases. To obtain supersonic exhaust 
velocity, the DeLaval nozzle, figure 4-5C, is 
commonly used. This nozzle first converges 
to bring the subscmic flow up to the speed of 
sound. Then the nozzle diverges, allowing 
the gases to eiqpand and produce supersonic flow. 

The Prandtl nozzle (fig. 4-5D) is more ef- 
ficient than the straight-coned DeLaval nozzle 
but is more difficult to engineer and produce. 
It increases the rate of flow at a hi^er rate 
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than the norinal convergent^dlvergent type. 
The shape of the nozzle determines the cha^*- 
acteristic of gas flow, wMch must be smooth. 

Other nozzles of increasing importance ^ve 
the adjustable area type in ^ichthe nozzle area 
is varied to suit varying combustion envir ele- 
mental conditions. 

The best size for the nozzle throat is dif- 
ferent for different propeUants. In each cane, 
the best size has to be di^termined by experi- 
ment and calculation. The nozsle must be 
designed for a specific set of propellanf and 
combustion characteristics to obtain higher 
velocity and increased thrust. The area of 
the throat section is determined by the weif^it 
rate of flow. The area at the exit of the di- 
vergent cone is determined by the desix*dd ratio 
of expansion of the gases between throaf and 
exit. 

FUEL SUPPLY 

The fuels and oxidizers used to power a jet 
engine are called propellants. The chemical 
reaction between fuel and oxidizer in the com- 
bustion chamber of a Jet engine produces large 
quantities of hifi^i-pressure high-temperature 
gases. When these gases are channeled through 
an esdiaust nozzle, a large part of the heat 
energy they contain is converted into kinetic 
energy to propel the missile. When you read 
of an engine that can travel faster than a gun 
projectile, operate in a vacuum, deliver a 
great deal more energy than a reciprocating 
engine, and do so with a few or no movtag parts, 
you may get the idea that some very complex 
chemical mixture is used as the propellant. 
This is not so. Jet-propulsion .engines can 
operate on such fuels as kerosene, gasoline, 
alcohol, gunpowder, and coal dust. 

However, in the search for an ideal propel- 
lant, many complex fuels have been tried. A 
mere listing takes up a whole page in the en- 
cyclopedia. The search goes (mfor more power- 
ful propellants, particularly for boosting space 
vehicles. For example, liquid hydrogen (^ich 
becomes liquid at 423* F belowzero6r-252'' C), 
when mixed with liquid oxygen in a rocket 
engine, produces about 35: percent more thrust 
ttuui the kerosene type fuels now used. It 
will be used to propel Centaur and other un- 
manned earth orbital and interplanetary flights 
as well as upper-stage rockets now being 
developed for manned lunar landings.: Fluo- 
rine is being studied as an oxidizer to ^ help 
produce more thrust. 



With regard to their physical state, pro- 
peUants may be either solids, liquids, gases, or 
various combinations of these. However, gases 
aie rarely used as missile propellants, for two 
reasons. First, liquids or solids have a higher 
density than most gases, even when the latter are 
hlgruy' compressed; thus a larger quantity of 
solid or liquid propellant can be carried in a 
given space. Second, a greater energy trans- 
formation* results when a substance goes from 
sol.d or liquid to gas than results when a gas 
is merely accelerated to a higher velocity. 

Rating or Comparing Propellants 

Several means have been worked out for 
rating, or comparing, various rocket fuels 
(propellants). Comparison is made by deter- 
mining total impulse. Total impulse is the 
product of the thrust in po^mds times burning 
time in seconds. Or, 

I^ (Total Impulse in lb-sec) » 

T (Thrust in lbs) xt (Duration in sees). 

Solid propellants are rated, or compared, 
on the basis of SPECIFIC IMPULSE, the amount 
of impulse produced by one pound of the pro- 
pellant. 

In pound- secozKls per pound, this is equal 
to the total impulse dividc-d by the weight of 
the propellant. Stated as a formula, it is: 

I (Specific Impulse in Ib-sec/lb)=' 
Ip (Total Imptilse in lb- sec) 
W (Weight of Solid Fuel in lbs) 

A common method of comparing liquid pro- 
pellants is on the basis of specific thrust. 
Specific thrust is equivalent to specific impulse 
for solid propellants but is derived in a slightly 
different way. Specific thrust is defined as the 
thrust in pounds divided by the weight rate of 
flow of fuel in pounds per second. Or, 

^sp ^^P®^***^ Thrust in lbs/lb/sec)= 

T (Thrust in lbs) 

W (Weight Rate of Flow in lb. per sec) 

Specific thrust is freqiiently expressed in 
seconds. 
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Specific propellant consumption is the re- 
ciprocal of specific thrust; it is the rate of 
propellant flow, in pounds per second, required 
to produce one pound of thrust. Or, 

Specific Propellant Consumption = 

Weight Rate of Flow (lbs/sec) 
Thrust (lbs) 



Other terms you should know are mixture 
ratio and e^diaust velocity. 

Mixture ratio designates the relative quan- 
tities of oxidizer and ftiel used in the propellant 
combination. It is numerically equal to the 
weight of oxidizer flow divided by weight of 
fuel flow. Exhaust velocity is determined 
theoretically on the basis of the energy content 
of the propellant combination. The actual ve- 
locity of the exhaust gases is of course less than 
this theoretical value since no Jet engine can 
completely convert the energy content of the 
propellant into exhaust velocity. Thus, effec- 
tive exhaust velocity is sometimes used and is 
determined on the basis of thrust and propellant 
flow: 

Effective Exhaust Velocity - 
Thrust (lbs) 



Mass Rate of Flow (lbs/sec) 
Solid Propellants 

Solid propellants are of two types. One 
of these consists of a ftiel, such as a hydro- 
carbon, mixed with a chemical capable of 
releasing large quantities of oxygen (a chlorate 
or a nitrate). A second type consists of a 
compound, nitrocellulose, for example, that 
releases large quantities of gases andheatvAien 
it decomposes. When mixed with additives (in 
small quantity as stabilizers), this type is called 
a double-base propellant. It is used most for 
small rockets. 

Of course it is possible to combine the two 
types in a single propellant mixture called a 
composite propellant. This is the type most 
used for missile propellants. 

The ingredi^s of a solid propellant\^are 
mixed so as produce a solid of specUied 
chemical and physical characteristics. Some 
examples of materials used in making solid 
propellanvb are asphalt-oils, nitroglycerin, 



asphalt-potassium perchlorates, black powder 
with anunonium nitrate, and other recently 
devek)ped combinations. Perfluoro-type pro- 
pellants, and aluminum or magnesium metal 
components conibined with an oxidant have given 
higher specific impulse than other conibinations. 
The finished product takes the shape of a grain, 
or stick. A charge may be made up of one 
or more grains. Combustion of solid propel- 
lants will be discussed later in this chapter. 
An ideal solid propellant would: 

1. Have a high specific impulse. 

2. Be easy to manufacture from available 
raw materials. 

3. Be safe and easy to handle. 

4. Be easily stored. 

5. Be resistant to shock and temperature 
changes. 

6. Ignite and burn evenly. 

7. Be non-water-absorbent (nonhygro- 
scoplc ). 

8. Be smokeless and flashless. 

9. Have an indefinite service live. 

It is doubtful if a single propellant having 
all of these qualities will ever be developed. 
Some of these characteristics are obtained at 
the expense of others, depending on the per- 
formance desired: 

Liquid Propellants ^' 

The liquid propellants are classified as 
monopropellants or as bipropellants. 

Mbnopropellants are those which contain 
within themselves both the fuel and oxidizer and 
are capable of combustion as they exist. Bi- 
propellants are those in vrtiich the fUel and 
oxidizer are kept physically separated until they 
are injected into the conibustion chandber. An 
example of a monopropellant would be the 
mixture of hydrogen peroxide and ethyl alcohol; 
an example of a bipropellant would be liquid 
oxygen and kerosene. 

. When oxygen or an oxygen-rich chemical is 
used as an oxidizer, the best liquid fUels appear 
to be those rich in both carbon and hydrogen. 

In addition to the fuel and oxidizer, a liquid 
propellant may also contain a catalyst to increase 
the speed of the reaction. A catalyst is a sub- 
stance used to promote a chemical reaction 
between two or more other substances. 

Inert additives which do not take part in the 
chemical reaction are sometimes combined with 
liquid ftiels. An example is water, which is 
often added when alcohol is used as a fuel. 
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Although it does not take part in the chemical 
reaction, the water does provide additional 
particles which contribute to a higher thrust 
by increasing the rate of mass flow through 
the system. 

Most liquid-fuel rockets use the bipropel- 
lant type liquid fuel, as it is less likely to 
react to shock and heat than monopropellants. 
When separated, as they are before entrance 
into the combustion chamber, the fuel and 
oxidizer are generally incapable of chemical 
reaction. Bipropellants which ipiite spontane- 
ously upon contact with each other are called 
hypergolic. An example is Ditnazlna (un- 
symmetrical dimethylhydrazine (UDMH)), or 
Aerozine SO, used in Titan H and HI with nitro- 
gen tetroxlde as oxidizer. Those i^lch re- 
quire the (addition of energy (electric spark. 
Igniter, on other) to cause chemical reaction 
are said to be dlergollc. Thlxotroplc pro- 
peUants are Jellied substances^ with metallic 
'substances (aluminum) suiipeindefil In them, which 
greatly increases the propellant density and 
the specific Impulse of the liquid engine. There 
are a large number of liquid fuels but there 
are few known praictical oxidizers. Some highly 
effective oxidants are too dangerous to store 

and handle^/ 

While solid propellant s are stored within 
the combustion chamber, liquid propellants are 
stored in tanks smd injected into the cQniburtl^^ 
chaniber . In general, liquid propellants provide 
a longer :bunilhg tlnie t^^ prppelUmts. 
They teve a! further adviuitage that con^ 
tl(xi can be easily stopped and started at will 
by contrblltag^e prdipeUant flow. 

An Ideal liquid prqpelUmt would: 

1. Be estsy to m^ 
raw materUiilis. 

2. Yiel^ a high hejat of condnistlon per unit 
weli^rtofmix^ 

3. Have a low freezing point. , 

4. Have a hl^ specific gravity 

5. Have low. to^ effects. 
"■^;B.^'Have;s!b^ 

7. Haye^ lovr m^ the reaction 

■■ ■ii*oidUicts^ .■ " C" 

. -''■iB.'yltove'a^ 

As witth; the It Is unlUtely 

that a^ 

■ ••blned: in;a;;^ng^ ^ii*"- V 

^er^^pressfix^'^^ 
t^^ 
u tankspiii^ 
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the missile and cause erratic behavior. Some 
liquid propellants will react spontaneously If 
subjected to pressures above their limit. Solid 
propellants also have pressure limits but they 
are much higher than for liquid propellants. 

SPECIAL PARTS 

In addition to the combustion chaniber, 
exhaust nozzle, and fuel supply, ^Ich all re- . 
action type engines must have, llquld-fuel en- 
gines also use Injectors and Igniters, and 
air-breathing missiles must have a diffuser or 
Intake duct, ^Aiere the high-speed air Is con- 
verted into low-speed, hlgh-pr^^sure/ gas for 
entry into the combustlon^haniber^as an oxi- 
dizing element. 

Injectors 

The injector Is similar In function to the 
caf^etor In a reciprocating engine. It vapor- 
izes and mixes the fuel and oxidizer In the 
proper proportions for efflclmt burning. 

Figure 4-6 shows schematic sketches of 
three types of injectors. In the multiple-hole 
Impingement tj-pe (fig. 4-6A), oxidizer and fuel 
are injected through an arrangement of separate 
holes in such a way that the Jet-like streams 
Intersect each other at some predetermined 
point, where the fuel and oxidizer mix and 
break up Into vapor-like droplets. A spray 
Injector (fig. 4-6B) has oxidizer and fuel holes 
arranged in circles, so as to produce conical 
or cylindrical spray patterns that Intersect— 
within the chamber. The nonlmpinglng Injector, 
shown in the lower sketch in figure 4-6, Is one 
In which the oxidizer and fuel do not Impinge at 
any specific, point, but are mixed by the tur- 
bulence within the chamber^^ 

Ignition Systems 

Unless the fuel and oxidizer form a com- 
bination that ignites spontaneously, a separate 
Ignition system must be provided to Initiate 
the taction. The IgnitOT must be located within 
the combustlm chamber (fig. 4-2) at a point 
v«ier6 it a. satlsfStctory starting 

inlxture that IgidtM ^ r^ li either fuel or ^ 
oxidizer! a^^ 

jbefore^^^^^ ^^i9si<m 
abou^ 

^^viififi^^ iif electrlb 
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igniter squib type is shown in figure 4-7. A 
powder-charge ignition system (fig. 4- 7) is often 
used for solid-fUel rockets. It consists of a 
powder squib which can be ignited electrically 
7 PoikiT OF IMPINGEMENT '"^"n » Safe distance; it bums for a short time 

a flame hot enough to ignite the main 
propellant charge. A catalytic ignition system 
uses a solid or liquid catalytic agent that 
brings about chemical decomposition of the 
propellant. 
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Figure 4-6.-T^es of injectors in Uqirifflliei 
rockets: A. Multiple hole impingement in^^ 
Jector; B. Spray injector; C. Non-implnglnif 
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The purpose of the air intake and diffusion 
system is to decelerate the velocity of the air 
from its free stream speed (fig. 4-2) to the 
desired speed at the entrance of the conibustlon 
chamber with a minimum of pressure loss. As 
mentioned above, only air-breathing engines 
need diffusercf. Diffusers are of two general 
types: subsonic, and supersonic. Diffusersare 
iUustrated in the section on ramjet engines. 
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SUBSONIC DIFFUSERS.-Sid)8onic diftUsers 
may be internal compression diffusers or ex- 
ternal compression diffusers. Although the 
principles are known, no completely successful 
external compression diffuser has been de- 
veloped. Velocity decrease at a point external 
to the air inlet would permit simplification of 
the air diffuser design. 

An internal compression dlffUser is a duct 
located at the forward end of the engine between 
the air intake and the injector. Between these 
two points, the diameter of the duct increases 
(ng. 4-nA), and as a result, the velocity of the 
air decreases and the pressure increases. If 
the pressure change is to be kept small, the 
diffuser length must be increased. Too great 
a lengUi could result in pressure losses due to 
skin friction, so a compromise value usually 
has to be used. 

SUPERSONIC DIFFUSERS.-At supersonic 
speeds the intake air must be reduced to std>- 
sonic speed with a minimum loss of pressure. A 
problem of diffusion at siqpersonic speeds is the 
production of shock waves at the inlet. Super- 
sonic diffusers maybe classifiedas: (l)Normal 
shock (fig. 4-nB); (2) converging-diverging; 
and (3) conical or ''spike'' diffusers, also 
called "center body'' diffuser (fig. 4-llC). In 
a normal shock diffuser, a diverging duct is 
used, which reduces the diffusion process totwo 
steps. The normal cAiock wave at the input 
section reduces the velocity to approximately the 
speed of sound; tiien the air is diffused to 
subsonic speeds in the diverging duct. 

The converging-diverging dtBiiser principle 
is sUnilar to that of the DeLaval nozzle tfig. 
4-5C) except that the process is in reverse, 
also in two steps. While the supersonic air 
stream is passingthrbug^ the converging portion 
of the duct, its velocity is decreased to the speed 
of sound (Bemoulli's theorem). Its velocity is 
further .decreased, to the desired velocity, 
while it is passing through the^^^^d^^^ 
of^the diffuser. :'^:v>^^ . . 

" In the /'center bpdy^'; * 4-llC), 
a conical: nbse or : spi^^^^^ 
diffuser asTCmbly. i:^^!^ flow 
of air approaches the"; cone, a ic(^ 
wave is formed and the s^ 
this diock h^^ slowed to 8^b)EK)nic y 
'The^ idimision is completed tai siibsontc 

/ • 'Mach '2 !pr gtefAe^ 



ATMOSPHERIC JETS 



GENERAL 



Any Jet-propelled system that obtains oxygen 
from the surrounding atmosphere to support 
the combustion of its fuel is an atmospheric 
Jet engine. Pulsejets, ramjets, turbpjets, and 
turboprops are all of this type, although the 
latter are not used in guided missiles. ^ Ob- 
viously, the operation of these engines is 
limited by the amount of oxygen available, and 
they can operate only at altitudes ^ere the 
oxygen content of the air is adequate. The 
upper limit of operation depends on the type of 
design of the particular engine. 

The first successful application of atmos- 
pheric Jets to niissile propulsion was the 
pulsejet engine used in the German V-1 missile. 

PULSEJET 

Pulsejet engines are so called because of 
the intermittent or pulsating combustion proc- 
ess. Although pulsejet engines were usedby the 
U.S. Navy to propel an early missile, they are 
now considered dbsolete, and we wlllg^venthem 
only brief treatment here, to explain the princi- 
ples of their operation. 

Figure 4-8 illustrates the fundamental con- 
struction of the pulsejet. The principal parts of 
a pulsejet are the diffuser, grill assembly (con- 
taining air valves, air injectors, arid fuel in- 
jectors), the combustion chamber, and the tail 
pipe (exhaust nozzle). The DIFFUSER is a duct 
of varying cross section at the forward end of 
the engine, between the air intake and the grill. 
Between thesetwopointsthediameterincreases; 
as a result, the velocity of air entering the 
diffuser decreases, and its pressure increases. 

The grill assembly carries the fuel injectors, 
injectors for starting air, and the. air-intake 
''flapper* valves. The latter are spring loaded, 
and are normally closed, so as to completely 
block off the diffuser from the combustion cham- 
ber. Air and^fUel ntixed in the combustion 
chamber are ignited initially by a sparkplug; 
thereafter, the mixture is ignited spontaneously. 
The tailpipe is of uniform cross section and, for 
a given engine diameter, has a specific optimum 
length. 

' V As the engine moves through the air, ram-air 
pressure^ l^ in the diffuser. Vlienthis 
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pressure exceeds that of the combustion cham- 
ber and the valve spring, the valves open and 
air enters the conbustim chamber. Fuel is 
then injected, and the air -fuel mixture is ignited 
by a spark plug. The fUel and air pass through 
Venturis (fig. 4-8), iwhich atomize the fUel and 
mix it thoroughly with the air, so it ignites 
readily. ^ 

The burning fUel rapidly produces conrixis- 
tion gases that create a pressure of 25 to 35 
psi in the condnistion chamber. The spring- 
loaded air intake valves (fig. 4-9) in the grill 
assembly prevent these gases from escaping 
forward. * 

As the pressure in the condnistion chamber 
rises, it exceeds the pressure in the fUel sys- 
twn, and automatically shuts off the flowof fUel: 
The flaming gases rush down the tailpipe and 
ejdiaust to the atmosphere at a speed greater 



than that of the inlet air. Theresultingpressure 
flight creates a thrust in the direction of 

Because of the speed with which the com- 
bustion gases rush down the tailpipe, they over- 
expand and produce a partial vacuum within the 
combustion chamber. The ram pressure in the 
difftiser then exceeds the pressure in the cham- 
ber; the flapper valves open (fig. 4-9B), and a 
fresh supply of air enters the chandber. Because 
of the decrease in pressure, the pressurized 
fuel system is able to inject a fresh supply of 
ftiel. As a result of the partial vacuum, a por- 
tion of the hot exhaust gas is drawn back into the 
chamber; the temperature of this gas is hi^ 
enough to ignite the air-fUel mixture, and a new 
cycle beghis. Note that the spark plug ignition 
is required only to start the engine; after start- 
ing, its cooibustibn cycle is self-sustainine 
(similar to a diesel engine). 



GRILL ASSEMBLY 



PIPPUSBR 



SPARK PLUG 



COMBUSTION 
CHAMBER 




TAIL PIPE 



Figure 4-8.-Cross section of a pulsejet engine. 



12.20 



• AIR 
IN 

DIFFUS^R 




OPEN 



AIR ENTERS 
COMBUSTION 
CHAMBER 




CLOSED 



COMBUSTION 
CHAMBER 
/ PRESSURE 



B 



Figure 4-9.-Air tatake valve used in pulsejet en^ 

^ r../A. :Open;^'Bi:;<3losed;..-- \ ■ 



33.16 



PRINCIPLBS OF GUIDED MISSILES AND NUCLEAR WEAPONS 



The frequency of the combustion cycle isthe 
resonant frequency of the combustion chand)er 
and tailpipe. A formula for resonant frequency 
of a closed pipe is: 

. Velocity of sound 
Frequency^ 4 ^length 

The frequency of various pulsejet' engines 
that have been used in the past ranges from 
about 50 to over 200 cycles per second. It was 
this intermittent cycle which gave the name 
''buzz bomb* to the German V-1 rocket. 

Limitations of Pulsejets 

One of the disadvantages of pulsej ets is that, 
at the instant of launching, there is no ram 
pressure in the diffuser. For that reason, most 
pulsejets are. incapable of developing enouc^ 
static thrust to take off under their own power. 
They are therefore launched with the help of 
compressed air injected into the chamber along 
with the fuel, or from a catapult, or with booster 
rockets, or by a cond)ination of these means. 
The speed of a pulsejet is limited to the low 
subsonic range because at higher speeds the ram 
pressure developed in the diffuser exceeds the 
chamber pressure at all times throughout the 
condnistion cycle; the flapper valves therefore 
cannot clossi and the cycle cannot maintain it- 
self. Also, thistypeofengine has alow efficiency 
index because its ftiel consumpticxi rate is high. 

TURBOJETS 

A turbojet engine is an air-dependent thermal 
Jet-proptdsion device. It derives its name from 
the fact that its compressor is driven by a tur- 
bine wheel, which is itself driven by the exhaust 
gases. Turbojets may be divided into two types, 
depending on the type of compressor. These 
are centrifUgal-flow tqrbojets (fig. 4-lQA)and 
axial-flow turbojets (fig. 4-lOB). Both types 
are the salne in operating principles. 

" Components of Turbojets 

The major components of both types of turbo- 
Jets are an accessory section, compressor sec- 
tion, combustion section, and esdiaust section. 

The accessory section serves as a mounting 
pad tor accessories, including the generato)r, 
hydraulic puEop, starter, u for 
various engine cQmppnehts|, m units cf thib 



fuel and oil systems, and for the front engine 
balancing support. 

The primary function of the compressor 
section is to receive and compress large 
masses of air, and to distribute this air to the 
cond>U8tion chambers. The centrifugal com- 
pressor consists of a stator, often referred to 
as a diffuser vane assembly, and a rotor or 
impeller (see fig. 4-lQA). The rotor consists 
of a series of blades which extend radially from 
the axis of rotation. As the rotor revolves, 
air is drawn in, whirled around by the blades, 
and ejected by centrifugal force at high velocity. 

The stator consists of diffuser vanes that 
compress the air and direct it into the various 
firing chanibers; Air leaves the impeller 
wheel at high velocity. As it passes through 
the diffuser vanes it enters a larger space; its 
velocity therefore decreases, and its pressure 
increases. 

The axial compressor is similar to a pro- 
peller. The rotor consists of a series of 
blades set at an angle, extending radially from 
the central axis. As the rotor of the axial 
compressor turns, the bladiss impart energy 
of motion in both a tangential and axial direc- 
tion to the ram air entering through the front 
of the engine. The stator does not rotate. Its 
blades are set at an angle so as to turn the air 
thrown oft the trailing edge of the first-stage 
rotor blades, and redirect It into the path of 
the second-sUMSe rotor blades. One rotor and 
one stator comprise a single-stage compres- 
sor. A nuniber of rotors and stator s assem- 
bled alternately make up a multistage com- 
pressor, as in figure 4-lQB. 

In a multistage compressor, air ttom the 
first row of compressor blades is accelerated 
and forced into a smaller space. The added 
velocity gives the air* greater impact force. 
This compresses the air into a smadler space, 
causing its density to increase. The increase 
in density results in a corresponding increase 
in static pressure. This cycle of events is 
repeated in each successive stage of the com- 
pressor. Therefore, by increasing the number 
of stages, the final pressure can be increased 
to almost any desired value. 

The axial-flow turbojet is longer than the 
centrifugal-flow type, but has a smaller frontal 
area, and therefore is more streamlined. The 
centrifugal compressor is simpler than the axial 
and has a higher pressure ratio per stage. The 
asdal-flow compressor, however, has a higher 
per stage efficiency. 
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Figure 4-10.-Cros8-8ectional views of turbo- 
Jets: A. Centrifugal; B.Aadal-flow turbojet. 

The conibustion section Includes conibustion 
chairibers, spark plugs, a nozale diaphragm, and 
a turbine wheel and shaft. The conibustion cham- 
bers, or burners, to both types of turbojet 
engines, have the same function and prodUcethe 
same results. They differ in size and nuniber 
depending on the type of engtoe. Each combus- 
tion chaniber has thefollowlngparts: outer com- 
bustion chamber, inner liner. Inner Itaer dome, 
flame crossover tube, and fUel-injector nozzle. 

The outer conibustion chamber retains the 
alr^ so ,that a high-pressure, supply is available 
to the inner liner at all .ti&esi This air also 
serves as a c<k)ler jacket.; The inner liner 
houses toe. area In which fuel and air are 
mixed and , burned, Many round holes hi the 
toner Itoer allow the air to enter and mix with 
flte luel aiidbigfa.iehipera^e cbhiinistion gases. " 
Jhe for^(fard end of the inner Itoer is a^^ 
^ oveti. the dome b accommodate expan- 
sion, and coirtr^ctiqh, ; T^^^ tifter ebd of the 



burners are convergent to tocrease the velocity 
of the gases just before they pass through the 
nozzle diaphragm. The flame crossover tube 
connects one chaniber to the next, allowing ig- 
nition to occur to all chambers after the ty/o 
chambers contatoing sparkplugs have fired. 

The exhaust section consists primarily of a 
nozzle and an inner cone. This assembly 
straightens out the turbulent flow of the ex- 
haust gases caused by rotation of the turbtoe 
whed, and conveys these gases to the nozzle 
ouUet to a more perfect and concentrated gas- 
flow pattern. 

The eAaust-nozzle diaphragm is composed 
of a large number of curved blades standing 
perpendicular to the flow of conibustion gases 
and arranged to a circle to front of the turbtoe 
Jieel. By acttag as both a restrictor and a 
director, this diaphragm tocreases the gas 
velocity. Its primary function is to change the 
direction of the gases so that they strike the 
turbtoe- vAieel vanes at, or nearly at, a 90* 
angle. The impact of the high-velocity gases 
agatost the buckets of the turbtoe wheel causes 
the wheel to rotate. The turbtoe-v)heel shaft 
is coupled to the compressor- rotor assembly 
shaft. Thus, part of the energy of the exhaust 
^ses is transformed and transmitted through 
the shaft to operate the compressor and the 
engtoe-driven accessories. 

. Operattog Cycle 

The operation of a turbojet may be sum- 
marized as foUows: The rotor unit of the 
compressor is brought up to maximum allow- 
able speed by the starter unit, which is geared 
to the compressor shaft for. starttog. Air is 
drawn to from the outside, compressed, and 
directed to the combustion chambers. Fuel is 
tojected through the fUel manifold under pres- 
sure, and mixes with the air to the combustion 
chambers. Ignition occurs first to the cham- 

5?"^^°"^*"*^ ^ ^^^^ PlUKfl. and then to 
toe otoer chambers an tostant later by way of 
toe flame crossover tubes. High-pressure 
combustion gases and coolant air pass through 
toe exh^ust^nozzle diaphragm and strike toe 
tturbtoe blades at the most effective angle. 
Part of the energy of toe exhaust stream is 
absorbed by toe turtle, resulttog to a high 
£2*a^«»l speed. The rematoder is thrust. 
The turbine wheel transmits . energy torough 
"® cpuple^ turbtoe and compressor-rotor shafts 
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to operate the compressor. Once started, com- 
bustion is continuous. 

The afterburner is an important part of Jet 
fighter aircraft, but has limited application in 
guided missile propulsion. It ^s developed to 
give additional thrust ^en needed for short 
periods of time, as in launching or during a 
steep programmed climb. 

The additional thrust is 6btained by burning 
additional fuel in the tailpipe section. That 
portion of the air iwhich served only as a 
coolant for the main combustion chambers is 
sufficient to support combustion of the addi- 
tional fuel. The added thrust is large, but the 
overall efficiency of the tuxb<>Jet decreases 
because the specific fuel consumption is greatly 
increased. During a missile launching, u 
afterburner could provide approximately 30% 
increase in thrust; iwhen the missile reaches a 
speed of 600 mph, an aftexbumer can Increase 
its thrust by from 70% to 120%. 

The thrust augmentation by afterburning 
increases substantially with Increase in flight 
speed. At about Mach 2 speed, the thrust is 
2.5 times as great as that without afterburning. 
However, the specific fuel consumption is 
roughly three times as great as without the after- 
burner. This disadvantage decreases with speed, 
so that at Bftich 3 or 4 and hl^er, the after- 
burner engine is more efficient than the simple 
turbojet engine. An afterburning engine must be 
provided with a variable area discharge nozzle 
and for supersonic speeds it should also have an 
adjustable inlet dlftuser. 

Turbojets with an afterburner are called 
turboram Jets. They are not used in any of our 
guided missiles, but supersonic missiles also 
take advantage of the ram air pressure at high 
speeds. The thrust of the turbojet decreases 
with increai9lng altitude, but it is nearly constant 
over a speed range of f rbm 0 to 650 mph for a 
given altitude. There is a sUe^t increase in 
thrust as speeds in excess of about 300niph are 
dbtalned because of the beneficial effects of ram 
air compression. The specific fuel consumption 
of a turbojet decreases with Increases in altitude. 

ThiiB, plus the fact that the thrust increases 
sllghUy at high speeds, places the optimum 
operatUig point of the turbojet In thehlgh-speed, 
high-altitude region. 

Three missiles <rf the Air Force are tuxbe^ 
Jets->Matad6r, Maeei andHoimdDog. The 
ReguluSi now t>6^lg pbatski; out/ 1^ a turbo^ 
:! iHurbt^ets are well suited aircraft and 
missiles because of tiieibr cbhsumpticxi* 



In addition, the turbojet is capable of providing 
sufficient static thrust to permit an aircraft or 
missile to take off under its own power. The 
disadvantages of turbojets (compared with other 
types of Jet engines) include the following: 

1. Tbey are large and bulky in comparison 
to other types of Jet engines. 

2. Tbey are delicate and complex mechan- 
isms with many moving parts. 

3 . Their maximum speed is in the low super- 
sonic range. ^ 

RAMJET 

A ramjet engine derives its name from the 
ram action that makes its operation possible. 
(This engine is sometimes referred to as the 
athodyd, meaning aerothermodynamic duct*) It 
is ttie simplest of ttie air-breathing propulsion 
engine^, and h^^ moving parts. 

Runjet operation is limited to altitudes below 
about 90,000 feet because atmospheric oxygen 
is necessary for combustion. The velocity that 
can be attained by a ramjet engine is theoreti- 
cally unlimited. The faster a ramjet travels 
the etfecttvdy it operates, and the more 
thrust it ;devel(VS. But its upper speed is lim- 
ited, in practice, to about BAach 5.0, because 
of frlctlonal heating of the missile skin. The 
maior disadvantage of a ramjet is that the higher 
the speed at which it i^ 
the higher the s^^^ it must be boosted 

before automatic operation can begin. 

Components of Ramjets 

BasieaU^V a consists ofli cylindrical 

tdbe open ttf ^^1^ ends, with a^ftiei-lhjectlon 
syirtrai 1^ From this, the term ''flying 
rtov^p^e*^ originated. Even though all ramjets 
contain the same basic parts, the structure of 
these parts must be modified to produce satis- 
factory operation in the various speed ranges. 
The^rprihcipal pwpte> engine are a 

^Mi^sei^ 

cm^iMTfiidi^^ and flame- 

" 1%e liiEfiligl^^f^ serves the same pur- 
pose in the ramjet as it does in the pulsejet. 
It d6(s*^es^tiie 3reloc«^^ 
<^§i?e^^lc£^^^ Since there is 

no wall 1ir c^^ in the front section 

df ik ramjet, the pressure increaise of the ram 
iiir must be grM^ enough to prevent the escape 
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of the combustion gases out the front of the en- 
gine. DlffUsers must be especlaUy designed for 
a specific entrance velocity, or predetermined 
missile speed. In other words, the desired 
pressure barrier is developed only when air 
is entering the diffUser at the speed for which 
that particular diffuser was desired. 

The conbustlon chamber is of course the 
area In which' burning occurs and high-pressure 
gas^s arecgeberated. The Aiel injectors are 
connectiBd to a conttauous-flow fUel simply sys- 
tem, adequately pressurized to permit fuel to 
flow against the high pressures that exist to the 
forward section of the combustion chamber. 
Co^stion ^s started by a spark plug; once 
started, 4t is contiimous and seU-supportii^. 
The flameholder prevents the flame front from 
being swept too f&r toward the rear of the engine, 
thus stabUizing and restriicting the actual burning 
to a limited area. The flameholder also ensures 
that the combustion-chamber temperature will 
enough to support combustion. 

A flameholder is a metal grid 6r shield 
punctyed ylth at variety : of aharpwedged hole^ 
usually toot round), designed;^ t^» 85bUl*e a 
flame. Burning propellants teod to linger to 
these holes and this ensures conttauous ignition 
of the injected fuel throughout the operatUig 

blowout^' .6f;the burhii«'f^el by the! air. rushing 
uK^u^rtbS^comt^ The config- 

uration and location of the flamdiolders is a 
crucial development pr6blem in the ramjet. 
The flame speed varies with different fuels 
but in general the flame speed is slower than 
tte air speed through the condnistion chamber. 
The flameholders reduce the local air speed 
to accommodate the slower flame speed. 

The design and location of the fUel injection 
nozzles and the control system for fuel injection 
are important to get the correct proportion 
of air and fUel mixture in the combustion 
chamber. 

The exhaust nozzle performs the same func- 
tion as in any Jet-propulsion engine. 

Types of Ramjets 

^^f*S^l^y*6tlWbsonicor^^^ The 
latter may be low supersonic or hi^supersomc. 



Subsonic Ramjets ^ 



its own power. If fired at rest, higli^pressure 
combustion gases would escape out the front as 
weU as the rear. For satisfactory operation, 
the engine must be boosted to a suitable sub- 
sonic speed so that the ram air entering the 
difluser section develops a pressure barrier 
high enough to conftae the escape of combustion 
gases to the rear only. Figure 4-llA is a dia- 
gram of a subsonic ramjet engine. Note the 
simple tubular construction, and the openings 
at front and rear. 

As ram air passes through the diffuser 
section (fig. 4-llA) the velocity of the air de- 
creases vAile the pressure increases. This 
is brought about by the increase in cross sec- 
tion of the diffuser, in accordance with Ber- 
noulli's theorem for incompressible flow. Fuel 
is sprayed into the combustion chamber through 
the fuel injectors. The atomized ftiel mixes 
with the incoming air, and the mixture is ignited 
by the spark plug. As previously stated, burnhig 
is continuous after initial Ignition, and no further 
spark plug action is needed. ^ 

The gases that result from the combustion 
process expand in all directions, as shown by 
the arrows in the central part of the combus- 
tion chamber (fig. 4-llA). Astheyexpandinthe 
torwarrf . diiwjtiopi itte-gases ^^^a stopped by- the 
barftoc 'Of -high-pressure air and the internal 
sloping sides of the diffUser, section, as hidi^ 
ca1»d>in the; dtagwi^to the short, wide black 
arrows. The ;pnly^ avenue^of lesc^ remahiii« 
foiuthe'Cpnalwstion gases through the exhaust 
' her energy 
^oper?l«»;<»c^^ energy of the 

ooiidwfettonigas^ -^.g 
gases enter the exhaust nozzle at less than the 
local speed of sound. But, whUe they pass 
through the convergent nozzle, the pressure en- 
ergy of the gases decreases and the Velocity 
increases up to the local- speed of sound at the 
exhaust nozzle exit. 

. JP|*'^M«*f dwelori - 

*)x^rdtiM^/?re^^ The bom- 

bardment of combustion gases against the slo- 
ping sides of the diffuser and the ram-air bar- 
rier, exert a force in the forward direction. 
This forward force is not balanced by the 
combustion gases that escape through the ex- 
taUst nozzile. The unbalanced force constitutes 
the thrustJOiat propels the missile; 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



Supersonic Ramjet 

The operation of a supersonic ramjet is the 
same as that of a subsonic ramjet, with the 
following exceptions. First, the supersonic Jet 
must be boosted to a supersonic speed. Second, 
a higher pressure barrier exists In the super- 
sonic engine, resulting In greater thrust. 

In order to operate, a low-supersonic ram- 
Jet must be boosted to a supersonic speed, 
approximately equal to its operating speed, be- 
fore ignition. When the forward speed of the 
ramjet becomes supersonic, a normal shock 
wave forms at the entrance to the dlffuser 
section. The location of this shock wave is 
shown In figure 4-llB. On the upstream side 
of the normal shock wave, the free-stream air 
is moving at a low supersonic velocity.^ As the 
supersonic air passes through the shock wave, 
its velocity drops abruptly to a subsonic value, 
with a corresponding Increase Inpressure. Thus 
the shock wave produces a sudden Increase In 
air pressure at the dlffuser entrance. As the 
compressed sUbsonic air flows through the 
diverging dlffuser section, an additional Increase 
In pressure and decrease In velocity occurs. 

As In a subsonic ramjet, fuel Is mixed with 
the highly compressed air, the mixture Is Ignited 
Initially by a spark plug, and burning is con- 
tinuous thereafter. The potential energy pos- 
sessed by the combustion gases is converted into 
kinetic energy by the exhaust nozzle. 

the convergent-divergent nozzle shown In 
figure 4-llB allows the gases to exceed the 
local speed of sound. Therefore, with proper 
design modifications, the ramjet engine can 
travel efficiently at supersonic speed. 

Now, assume that we want to design a ramjet 
that will travel at higher supersonic speeds. 
At speeds of around Mach 2.0, shock waves 
formed at the diffused inlet are oblique (fig. 
4-llC ) rather than normal. Air velocity Infront 
of an bbllque shock wave Is high supersonic . 
When aupersonlc free-stream air passes through 
an dbllque shock wave, an Increase In pressure 
and a decrease In velocity occur, butthe velocity 
Is stills sii>er8onlc. For example, air with a 
free-stream velocity of 1500 mph may pass 
through an oblique shock wave and still have a 
velocity of 900 itnph. Also, when supersonic air 
flows tfaroui^ dlvergent-typ^ dlffuser sectlcms^ 
as shown inflgures4-llA^ a^ 
of that air iricMiases ai^ pressure decreases. 
TherikoreV - ■ thle dUfuser des - for high^^ 
. supersonic^iimjets m^ 



progressing from dlffuser inlet to combustion- 
chamber entrance, the <*llqueness of the shock 
wave successively decreases until a normal 
shock wave followed by subsonic flow is pro- 
duced. 

This energy transformation Is achieved by 
using a dlffuser of the type shown In figure 
4-llC. The dlffuser centerbody decreases the 
obliqueness of the shock waves, allowing super- 
sonic air to flow Inside the dlffuser Inlet. 

As supersonic flow passes through the con- 
vergent section of the dlffuser, the velocity is 
steadily decreased and the pressure corre- 
spondingly Increased. At some predetermined 
point In the dlffuser, air velocity approaches 
the sonic value and a normal shock waveforms. 
As previously stated, when low- supersonic air 
flows through a normal shock wave, an abrupt 
decrtese In velocity and Increase In pressure 
results. The subsonic air produced by the 
normal shock wave flows through the divergent 
section of the dlffUser, where it undergoes an 
additional velocity decrease and pressure In- 
crease. Here again the dlffuser has achieved 
a pressure barrier at the entrance to the com- 
bustion chaniber. The exhaust nozzle shown In 
the diagram is of the convergent-divergent type 
designed to produce supersonic flow at the exit. 

A ramjet is designed to operate best at some 
given speed and altitude. The pressure recovery 
process In a dlffuser designed for oblique shock 
waves is more efficient than that In dlffusers 
designed for subsonic flow or single normal 
shock waves. For that reason the ramjet engine 
operates best at high supersonic speeds. To 
attain this speed, a rocket or other type of 
booster Is used, and It Is generaUy larger and 
heavier than the ramjet Itself. 

(This i^ej^ ls ld»d^ 
high-^speedcmlsirilesy ,Mnce the thr^ 
irtthvipeeci rate bl fiiel consumptlonper 

tu4t of thrust decreases with speed. 



ROCKET MOTORS 



GENERAL 



Unlike a Jet engine, a rocket carries within 
Itself all the mass and energy required for its 
operation. It is Independent of the surrounding 
medium. In a rocket, the chemical reaction 
tates place at a very rapid rate. This results 
in higher temperatwes, higher operating pres- 
sures, and higher thrust development; than In 
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Jet engines. Because of the high pressures 
developed in rocket motors, the convergent- 
divergent nozzle is used so that more of the 
energy can be extracted from the gases after 
they have passed the throat section. The basic 
principles Involved in the action of other Jet- 
propulsion units also apply to rockets. 

Depending on the physical state of the pro- 
pellant used^ rockets are designated as either 
solid or liquid type. 

A solid rocket has a short burning time, 
simple design, heavy construction, and non- 
Intermittent operation. It is therefore pri- 
marily used for booster units, and a? a power- 
plant for relatively short-duration, high-speed 
missiles. Recent research seems to Indi- 
cate that solid fuels will have Increasing future 
applications in long-range missiles. The Navy* s 
Polaris (ICBM) is propelled by a solid-fUel 
rocket. 

The liquid rocket unit has a longer burning 
time, relatively complicated design, and In- 
termittent operation possibilities. This system 
has been wid^y used as a powerplant for high- 
altitude, long-range missiles, and space craft. 

To summarize, the more important char- 
acteristics of all rocket engines are: 

1 . The thrust of a rocket is nearly constant, 
and is Independent of speed. 

2. Rockets win operate in a vacuum. 

3. Rockets have relatively few moving parts. 

4. Rockets have a very high rate of propel- 
lant consumption. 

5. Burning time of the propellant In a rocket 
is short. • 

6. Rockets need no booster. They have full 
thrust at takeoff; therefore, whea rockets do 
employ boosters it is for the purpose of reach- 
ing a high velocity In minimum time. 

LIQUID-FUEL ROCKETS 

vThe major components of a liquid-rocket 
system are the propellant, propeUant-feed sys- 
tem, combustion chancer. Igniter, and esdiaust 
nozzle. The propellantrfeed system is the only 
part which has not been explained^ in principle, 
in the preceding sections of this chapter. Feed 
syst^nos may be of the pressure-feed type or 
the pun^-feed type. ' -^'V 



;Presstire-Feed Systenis . . 

r^-^Pr^ssure-fiei^^ 
jntoVirt 



systems. In the stored-pressure system, air 
or some other gas is stored under pressure In 
the missile before launching. It is injected, 
in controlled amounts, into the propellant stor- 
age tanks, causing a pressurized flow toward 
the combustion chamber. In a generated-, 
pressure system, substances are carried within 
the missile to generate the high-pressure gas 
as it is needed. An example of such a substance 
is hydrogen peroxide, which, when passed 
through a catalyst, decomposes to form a high- 
pressure vapor. This vapor is then Injected into 
the propellant storage tanks. 

Many other devices such as valves, regu- 
lators, delivery tubes, and Injectors, are nec- 
essary for the successful operation of either 
system. 

Figure 4-12 shows the general relationship 
of the various major parts of a stored-pressure 
feed system. In the system shown, air is stored 
under pressure. The hand-arming valve is 
opened manually. Just before launching. This 
allows the system to be pressurized up to the 
motor-start valve. The air-pressure regulator 
decreases the pressure to the desired value 
requlTGil for operation of the system components. 
Mo£it llquid-ftiel rocket systems use higher 
pressure than shown in the Illustration. Also, 
instead of air, a light, Inertgas, svtchas helium, 
is used. This permits weight reductionandalso 
eliminates a fire and explosion hazard which is 
present with pressurized air. Nitrogen also may 
be used because it is fire-safe; tanks may be 
pressurized to about 2000 psi. The pressure 
on the fuel and oxidizer tanks has to be greater 
than the pressure in the combustion chamber, 
but much less than in the nitrogen flask. Re- 
ducing valves are' used to reduce the pressure. 

The motor-start valve is electrically oper- 
ated. It is opened from a safe distance after 
all personnel have cleared the immediate launch- 
ing area. Pressurteed air or inert gas enters 
and pressurizes the fUel and oxidizer tanks. 
These tanks must be made of material that is 
not affected by the respective propellants. In 
addition, they must be strong enough to with- 
stand the added pressure. At the same time 
that the propellant tanks are pressurized, air 
also enters the hydraulic accumuUitor and 
pressurizes the hj^aulic fluid. (Pressurized 
V nitrogien niay be used to open the fuel valve, or 
other flow control may be used Instead of 
hydraulic control.) The hydraulic nuW^ 
places the pistdhln the jpiropellant valve actuating 
cylinderj,^^ ihv turn o^ena the propellant 
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Figure 4-12.-Stored-pressure feed system of a liquid rocket. 
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wives. Fuel and oxidizer, under pressure, how 
flow through the respective mixtures orifices, 
which regulate the flow so that the correct 
mixture ratio is maintained. These orifices 
are simply restrictions in theline, and are flow- 
checked prior to installation. In some cases 
the Injectors perform this operation, and orifices 
are not necessary. The propellants are atomized 
by the injectors. Note that the oxidizer (pro- 
pellant; in some system8)flrstclrculates between 
the waUs of the conabustion chaniber before 
passing through the cutoff valve. This action is 
caUed regenerative cooling. It makes possible 
tte^use of thih-waUed combustion chambers 
(reducing the weight). The fact that the engine 
Is cooled permits longer burning than if it were 
not cooliBdi A further advantage is that the 
propellant is preheated before Injection into 
the conibustion chaniber, which reinilts in more 
complete coiribustibn and greater release of 
eiiergyi Other methods ctf cooling are also 
in use . ' Three general methods of dbolihg rocket 



Figure 4-13A sketches the main parts of a 
generated-pressure system. The gas is pro- 
duced by chemicaUy reacting a liquid or solid 
propellant at a steady,, uniform rate. Note 
that there ic a return flow from the combustion 
chaniber to the chemical pressure system. 

Pump-Feed System 

. The pump-feed system (flg. 4-13B) is nearly 
the same as the pressure-feed system, except 
tttat the pressurized flask is replaced by pumps 
which force the propellant and oxidizer into the 
combustion chaniber. To power the pumps a 
steam generating plant may be provided to oper- 
ate a turbine which in turn drives the pumps. 
This system has the advance of having light- 
weight taitobut.lsj of course, more complicated 
than the presisure fMd sy8tem.> ^ ^^^^.V , ^ 

. Pump-feed systems are used with power 
p^hts designed to burn ^^1^ 

^eUants; aiid vrtth planis requiring a high weight 
rate of flow. A^^i^^ 

a fael pump aid ah 6^^ 
oyrcnetflcalBm^ 
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Figure 4-13.-Llquld propellant feed systems: 
A. Generated pressure system; B. Pump-feed system. 
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purpose (turbine-pump system), or the turbine 
wheel may receive Its power from the exhaust 
gases of a rocket motor (turbo-pump system). 
Figure 4-13B illustrates the major cpmponmts 
of a Uquld fuel rocket that uses aturWhe pump- 
feed system. 

Because pressure Is felt only on the com- 
bustion chamber side of the pumps, the ftiel and 
oxidizer tanks can be of lighter weight than in 
pressure-feed systems. A dlsadvantoge is that 
the auxiliary devices and controls of a pump- 
feed system are fftr more conipllcated than those 
of a storrtl-pressure system, this conaplexlty 
means that a complicated checkout Is neces^ry 

and thfe rellabillity Is lessened. 

Bei»uM o^ heat dweloped In 

llquld-rocket : w *s Im- 

portant tl»t'^t^^ inner walls of the chaniber, 
throat; ahd^^^ 
oyer a^^^ p^^ 
strengto and 

^figiiri 4-i2^ i» oft 
the clM 

liustt^ 

a«h^^ 



A fllm-coollng procedure consists of low- 
velocity injection of a portion of the fuel, 
oxidizer, or some nonreactlve liquid into the 
chamber at critical points. The fluid forms 
a protective film on the Inner walls, and ab- 
sorbs heat from the walla as It evaporates. It 
may be used In combination with regenerative 
cooling. 

Sweat (transpiration) cooling is achieved by 
use of a porous chamber "wall through which 
the liquid slowly flows. The evaporation of the 
liquid from the surfaces causes cooling of the 
surfoces. It Is used on aerodynamlcally heated 
surfoces and combustion chambers. 

A look at the names of missiles that use 
liquid-fuel rocket engines shows that most of 
them are earlier day missiles or arebeingused 
to boost space vehicles Into orbit: Corporal, 
WAC Corporal, Centaur, Titan, Thor, Jupiter, 
Redstone, Aerbbee, Explorer, Gargoyle, Gorgon 
n-A, Navaho, Viking, Nike, Rascal, and Van- 
guard. The large missiles use one or more 
Stages with solid propeU?^ ,The development of 
.a^ ipiepackaged 11 engine : as used in 

Biflipiip, may be of a trend to the use 

ot'^lquW^^^^ One jcrit; the important 

dlaid^^t^^ 

• t^ - ndt; tie ftieled ; and; stored for any 



Chapter 4-MISSILE PROPULSION SYSTEMS 



length of time. The prepacklng method may 
overcome this handicap. 

Description of Liquid Fuels 

Earlier In this chapter, liquid propellants 
to general were described, and advantages and 
disadvantages were stated. Specific fuels will 
be. described here. 

Aniltoe, hydraztae hydrate, and ethyl alcohol 
are among the more commonly used liquid rocket 
fuels. Aniline Is an oily clear liquid with a spe- 
cific gravity of 1.022. (Specific gravity of water 
IS 1.000.; It has a boiling potot of about SeS'F 
and a freezing potot of about 21* F. On contact 
with red fuming nitric acid, it ignites spon- 
tanously. A fuel and oxidizer combination that 
Macts to this manner is said to be HYPER- 

r^t* combination was successfully used 

to the WAC Corporal, Corporal, Aerdbee (sound- 
ing rocket) and Gorgon H-A missiles. 

Hydraztoe hydrate is a colorless liquid, 
slightiy heavier than water. It is explosive when 
its concentration is above 25%. Hydraztoe hy- 
drate gives a hypergolic reaction with hydrogen 
peroxide. 

Ethyl alcohol is a clear liquid, lighter than 
wter. It is stable to shock and temperature 
changes. It is readily available because of its 
wide yjommercial market to the dhemlcal and 
liquof tadustries. Ethyl alcohol (ethanol) has 
a low heat value and a low vapor pressure. 

mlssUes it is commonly mixed with 
dlstlUed or delonlzed water. Methyl and lUr- 
furyl alcohols are also used for propellants. 

Liquid oxygen, referred to as LOX. and 
vartous forms of nitric acid, are^^ 
commonly used oxidizers in liquid rockets. 
Ujpiid oxygen is niade by liquefying air and 
J? .^ii^iS^t other gases. This 

SS?o^ a>>UlniS point of ai^ minus 
207 Fi and a freezing;%pblnt^ 

Because of its low boiling potot, its rate of 
«^P°?a^pn Is^yery^^ 
^K^^^t'spll^^aeiitito 
serlou^sjpi^lems^ jind r 
loss, wien poured on metal at ordinary tem- 



Liquid oxygen tends to react violently with 
oil vapors, often causing them to burn spon- 
taneously. Any bituminous materials or petro- 
leum products must be kept away from areas 
where it is handled. 

The extremely low temperature of liquid 
oxygen causes water vapor from the surround- 
ing atmosphere to coUect and fteeze on pipes 
and valves. This is a serious problem, which 
has yet tc be fUUy solved. Liquid oxygen is 
noncorroslve and nontoxic, but wiU cause severe 
damage if it comes tato contact with skto. 

In spite of the many problems connected with 
Its manufkctqre and handling, liquid oxygen is an 
aSuSwe "isthebestoxidizingagent 

Nitric acid is used to several different 
forms as an oxidizer for liquid rockets. The 
most commonly used and the most powerful of 
these is RED FUMING NITRIC ACID (RFNA) 
Jilch consists of nitric acid in which nltroften 
dioxide is dissolved. It varies to color from 
orange to brick red, and gets its name from 
the reddish color of the nitric oxide fumes it 
gives off. RFNA is highly corrosive, and 
stainless steel must be used for storage tanks 
and delivery pipes. Its high vapor pressure 
presents storage and transfer problems. The 
ftimes are extremely poisonous, and severe 
bums result from bodUy contact with the 
liquid. This oxidizer has been successfUUy 

Sf^a^***.* approximately 
P3.S% of its oxygen content for cotobustlon. 
It is also used with , kerosene, hydraztoe. and 
compounds of Iqrdraztoe. 

.Hydrogen peroxide is a colorless liquid 
which, in concentrations of from 70% to 90% 
may^ be ' used as a monopropellant to guided 
mlssUes. When to contact with a suitable 
catalyst (calcium peirmanganate, manganese di- 
oxide, plattaum, silver, and other matertols) it 
«1*^°°!S2?®*» — steam and gaseous oxygen. 
When 90% hydrogen peroxide decomposes, about 
42%^ of the total weight of the decomposition 
products is gaseous oxygen. Therefore, it is also 
used as an oxidizer with such fuels as alcohol 
and hydrtoine hydrate; A t^ 



peroture, liquid dtygen a^^ WtwdJonbed "^JS^P^m^ 
German V-2i mis8# W^ ? decomposition may be jetted against 

b3^iTOlp.V,Stoj^ 




Jh the search for istorable liquid propellants 
# W iinpuise; doiribined ^ 

low <5pst^r^iiymerfl«& ^ieen 
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tried. Among the most promising is nitrogen 
tetroxlde plus hydrazine. Nitrogen tetroxide 
(n2o4) can be stored without refrigeration and 
is not difficult to handle. Itisalsononcorrosive 
to steel. Another good storable liquid fuel is 
perchloryl fluoride, which is alsononcorrosive. 

Fuels which have a higher heat energy than 
the hych-ocarbons are sometimes called exotic 
fuels, or zip fuels. Boron compounds are fre- 
quenUy the basic Ingredient. 

SOLID-FUEL ROCKETS 

A solid rocket unit consists of the propel- 
lant, combustion chamber. Igniter, and exhaust 
nozzle (fig. 4-14). 

The combustion chamber of a solid rocket 
serves two purposes. First, it acts as a stor- 
age place for the propellant. Second, it serves 
as a chaniber In which burning takes place. 
Dependtag on the grain configuration used, 
this chamber may also contain a device for 
holding the grain in the desired position, a 
trap to prevent flying particles of propellant 
from dogghig the throat section, and resonance 
rods to absorb vibrations set up in the chamber. 

The Igniter consists of a small charge of 
black powder, or some other material that can 
be easUy ignited by either a spark discharge 
or a hot wire. As it bums, the Igniter produces 
a temperature high enough to Ignite the main 
propellant charge. 

The e^diaust nozzle serves the same purpose 
as in any other Jet-propulsion system. K must 
be of heavy construction and/or heat-resistant 
materials, because of the high temperatures of 
the exhaust Jet. 
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Figure 4-14.— Components of a solid rocket 
motor, with end-burning grain. 



Operation of a solid rocket is simple. 
To start the combustion process, some form of 
electrically detonated squib is ordinarUy used 
to Ignite a smokeless or black powder charge. 
Upon igniting, the powder charge provides suf- 
ficient heat and the pressure to raise the ex- 
posed surface of the propellant grain to a point 
where combustion will take place. 

Types of ScAid Propellant Charges 

Solid propellant charges are of two basic 
types: restricted burning or unrestricted burn- 
ing. A restricted-burning charge has some of 
its exposed surfaces covered with an inhibitor 
(fig. 4-14). This makes it possible to control 
the burning rate by confining the burning area 
to the desired surface or surfaces. The use 
of inhibitors lengthens the burning time of the 
charge, and helps to control the combustion- 
chamber pressure. A burning cigarette can 
be considered as a model of an inhibited rocket 
grain, with the paper representing the inhibitor. 

A restricted-burning charge is usually a 
solid cylinder which completely fills the com- 
bustion chamber and bums only on the end. 
(fig. 4- ISA). The thrust is proportional to the 
cross section area of the charge, and burning 
time is proportional to length. The restricted 
bumUig charge provides relatively low thrust 
and long burning time. Uses |of this type of 




12.26 

Figure 4-15.-Solid propellant grains: A. Re- 
stricted burning; B. Restrlctedbored; C. Un- 
restricted burning; D. Grain patterns. 
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charge include JATOOet-asslsted takeoff )unlts. 
barrage rockets, and sustaining rockets for 
guided missUes. 

A modification of the restricted burning 
charge is the bored restricted charge (fig. 4- 
1 5B ). The main difference is that the longitudinal 
hole in the charge provides somewhat more 
burning surface and thus a higher thrust and 
shorter burning time. 

Unrestricted-burning charges are permitted 
to bum on all surfaces at once. The unrestricted 
grain delivers a relatively large thrust for a 
short time. An unrestricted burning charge 
is usually hollow, and burns on both the outside 
and inside surfaces (fig. 4-15C). Thrust is 
again proportional to the burning area. Since 
the Inside area increases m*Ue the outside 
area decreases during burning, it is possible 
to maintain a nearly constant burning area. 
The burning time of hollow grains depends on 
the web thickness-the distance between the 
inside and outside surfaces. This type of charge 
is commonly used in booster rockets. 

It should be clearly understood that in both 
the restricted and unrestricted burnii^ charges 
the burning rate is controlled-there is no 
explosion. Controlling the burning rate of a solid 
propellant has always presented a prdblem to 
rocket desijsners. You will recall that one of 
the properties of an ideal solid propeUant 
would be that it Ignite and bum evenly. The 
burning rate may be controlled in several ways. 
One is by means of inhibitors. An inhibitor 
is any stibstance which interferes with or re- 
tards combustion. The lining and the washer 
shown in figure 4-15 are examples of inhibitors. 
Another way that burning is controlled is by use 
of various grain shapes. Examples are the 
shapes shown in the lower part of figure 4-15D. 
Resonant burning or "chugging" may be offset 
, *f ® resonance rods. These metal or 

plastic rods are sometimes included in the 
combustion chamber to break up regular fluctu- 
ations in the buming rate and their accompany- 
ing pressure variations. The purpose of the 
various designs is to maintain a constant 
burning area whUe the surface of the grain is 
being consumed. 

Unta recentty, a sertous disadvantage of 
toe acm propeUant had to do with the problem ' 
of dissipating the extreme heat of combustion. 

Oneway this has been overcome is by use of 
the internal buming grain. Since the bumimr 
process actually takes place within the grata 



Sti^iJ!'*^'?*?" provides a shield 

between the tatense heat and the combustloT 

et^^^rd.""*"*"^^'^ --P^e" 

Burning Rate of Solid 
Propellant Grains 

The buming rate of a solid propellant 
Is the rate at which the grata is consumed; It 
Is a measure of itaear distance burned, ta 
taches per secoid, ta a direction perpendicular 
to a buming surface. 

As stated earlier, thrust depends on mass 
rate of flow and the change ta velocity of the 
working fluid. For large thrust, a large burn- 
ing area Is necessary ta order to yield a 
large mass flow. A smaller burning area 
produces less mass flow and less thrust. 
Therefore, by varying the geometrical shape 
and arrangement of the charge, the thrust 
developed by a given amount of propellant ta a 
given combustloi chamber can be greatly ta- 
fluenced. 

The burning characterlstlcsof a solid propel- 
lant depend on Its chemical con^>osltlon, taltlal 
temperature, combustion- chamber temperature 
and pressure, gas velocity adjacent to the 
burning surface, and size and shape of the grata. 
One propellant grata may bum Ir. such a way 
that the burning area rematas constant, pro- 
ducing constant thrust. This type of burning is 
known as NEUTRAL BURNING. End-buming 
propellai^atas are of this type. Another im- 
portant rfeutral-grata design Is the uninhibited, 
toternal-fextemal burning cylinder (fig. 4-15C), 
^Ich Is used where a short-duration thrust Is 
needed, as to baxooka type rockets. The pro- 
pellant burns so rapidly that heating of the 
chamber walls is not excessive. 

Another type of grato tocreases Its burning 
progresses. In this case. 
PROGRESSIVE BURNING Is taking place. Thmst 
tocreases as the buming area Increases. Still 
another grato may show a constantly decreasing 
burning area as bumtog progresses. This Is 
called DEGRESSIVE BURNING. It results In a 
decreasing thrust. Various star-uhaped per- 
forations (fig. 4-15D) can be used to give 
neutral or degressive buming characteristics, 
but design changes can make them progressive 
burning. 

Propellant gratas are often formed by ex- 
trusion; these, of course, are installed ta their 
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cases alter forming. But certain types of com- 
posite propellants, bonde<t by elastomeric fuels, 
can be cast directiy in the rocket chamber, 
^ere the binder cures tt» a rubber and supports 
the grain by adhesion to the chamber waUs. 
This is called case-bonding. 

It' permits full use of the chamber space. 
Most high-performance rockets are made by 
this technique. 

Description of Solid Propellants 

One limitation of solid propellants is sen- 
sitivity to temperature. The initial tempera- 
ture of a grain noticeably affects its perform- 
ance. A given grain will produce more thrust 
on a hot day than it will on a cold day. The 
percentage change in thrust per degree Fahren- 
heit temperature change is referred to as the 
temperature sensitivity of the propeUant. A 
grain designed to produce 1000 pounds of 
thrust at 80" F may deliver only 600 pounds 
of thrust at 30" F. The Initial temperature 
also affects the burning rate. Because ot 
these characteristics, solid propellants must 
be stored In areas of controlled temperature 
until they are used. 

Temperature also affects the physical state 
of solld-propellant grains. At extremely low 
temperatures, some grains become brittle and 
are subject to cracking. Cracks increase the 
burning area and burning rate and therefore 
Increase the combustion-chamber pressure. 
If this pressure exceeds that for which the 
chamber was designed, the chamber may ex- 
plode. A propellant exposed to high tempera- 
ture before firing may lose Its shape, and 
become soft and weak. This, too, results in 
unsatisfactory performance. The temperature 
range for most solid propellants Is from about 
25" F to 120° F. Correct storage temperature 
retards the decomposition of propellants Uiat 
contain nltroceUulose (almost all of them do), 
which Inevitably deteriorate with time. In spite 
of the addition of stabllizera. 



Pressure limits play an Important part In 
solid propellant performance. Below a certain 
chamber pressure, combustion becomes highly 
unstable. Some propellants will not jjistoln 
conflmstlon at atmospheric pressure. Ordl- 
narUy. chamber pressure for solid propellants 
must be relatively high. For a given propeUant 
composition and burning area, the chamber 



pressure Is determined by the area of the ex- 
haust nozzle throat. If the throat area Is too 
large, for example, proper chairiber pressure 
cannot be maintained. ' , ^ j , 

Decomposition and hygroscopic tendencies 
are other weaknesses of solid propellants, but 
both can be minimized by the use of certain 
additives. Change In the moisture content 
changes the gaseous energy output of the pro- 
pellant with unpredictable results. 

Some of the more common propeUants are 
discussed below. The chemical formulas of 
some of them are given, to show the carbon 
and/or hydrogen content, and the oxygen con- 
tent of the oxidizers. ^ . 

One of the first solid propellants used was 
BLACK POWDER. Its approximate composl- 

Potassium nitrate (KNO,) 61.6% 
Charcoal (C) 23.0% 
Sulphur (S) iv ^.*!. 

Both charcoal and sulphur react readily with 
oxygen. Potassium nitrate, as shown by Its 
formula, contains large quantities of oxygen. 
The three Ingredients are thoroughly mixed, 
using some substance such as glue or oil as a 

BINDER. ^, , . ^ 

When heat Is applied to black powder, the 
potasciim nitrate gives up oxygevi. The oxygen 
reacts with the sulphur and carbon, producing 
Intense heat and large volumes of carbon 
dioxide and sulphur dioxide. These two gases 
make up the major part of the e^Jaust Jet. 
The heat produced by the reaction gives high 
velocity to the exhaust gases. BUck POwder 
has a specific Impulse of about 65 Ib-sec/lb. 
One of Its drawbacks Is that It Is quite sensi- 
tive to storage temperatures, and tends to 
crack. Its exhaust velocity ranges from 1500 
to 2,500 feet per second. It Is now used pri- 
marily for signal rockets, and as an igniter 
for other solld-propellant grains. 

BALLISTITE Is a double-base propeUant; 
It contains two propeUant bases, NITROCEL- 
LULOSE and NITROGLYCERINE. It also con- 
tains small amounts o' ^trfiZER 
forming a specific function. A STABILIZER 
absorbs the gaseous products of slow decom- 
position, and KKJuces the te'?^^^. *° gSg* 
moisture during storage. A PLASTICIZER 
serves as a binding agent. An OPACIFIER Is 
added to absorb the heat of reaction and pre- 
vent rapid thermal decomposition of the un- 
burned part of the grain. A FLASH DEPRES- 
SOR cools the exhaust gases before they escape 
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Nitrocellulose 
C24H4o02o(N03) 

Nitroglycerine 
C3H5(N03)3 

Diethylphthalate 
Potassium nitrate 

Diphenylamine 
Nigrosine dye 



51.38% (propellant) 

43.38% (propellant) 
3.09% (Plasticizer) 
1.45% (flash de- 
pressor) 
0.07% (stabilizer) 
0.10% (opacifier) 



2io^{^iS)fK Tf impMlae of about 

ZlO Ib-sec/lb. Its exhaust is relatively smoke- 

itno**. temperatures between 40° F and 

izo F are necessary to prevent rapid decom- 
7^* Ingredients of baUistite are 
subject to detonation, and are toxic when they 
come in coatact with the skin. The manufac- 
turing process is difficult and dangerous. 
Qalcit consists of about 25% asphalt-oU 

TJSrnla! '"el and binder, 

and 76% potassium perchlorate (K Cjeo.). which 
serve, as an oxidizer. In its finlshid form^ 
Galcit resertbles stiff paving tar. Recom- 
mended temperature limits for firing are 40«F 

about 186 Ib-sec/lb. It is quite stable to tem- 
perature; storage temperature limits areminus 
9 F to 120" F. Galcit is relatively easy to 
manufacture. It Is nonhygroscopic-that is. it 
does not absorb moisture. Its major disad- 

ZSf® JIk?** ''^^eloP* dense 

clouds of white smoke. It is only about one- 

i^SjiTa^w"!!®*.*" temperature changes as 
ballistite, but it becomes brittle at low tem- 
Pe'JJj^'ef and soft at high temperatures. 

NDRC propellants were developed through 
research sponsored by the National Defense 

Pnn^tlf^ u"*^"®*- ^ *yP*<^ composition 
consists of about equal parts of ammonium pic- 

S2„?SL,''°^*;'" ^^^•5% each), and 7% 

resin binder (usually urea formaldehyde). This 
propellant has good thermal stabUlty. It is 
hygroscopic, and must therefore be stored in 
sMled containers. Heavy smoke develops in the 
eidiaust gases. f muic 

Solid propelliint rockets are partictilarly 
adaptable to shipiv»rtJ use. They are easUy 
stored and ready for immediate use. So great 
w ^®®?v **** improvements in solid propel- 

,u2f 1? f^^ '^'^ «»ey are now 

used in such long-range missUes as the Navy's 
Polaris and the Alp Force's Minuteman. 



The need for greater specific impulse and 
higher energy propellants, particularly for use in 
space flights but also for missile use, has stim- 
ulated research. The achievements of other 
nations have spurred our own efforts in this 
field. ^ The future of space flight is closely 
dependent upon propellants that yield far higher 
energy and impulse than are available from 
combustion of chemical propellants. 

Thus far, we have discussed only combustion 
of chemical propeUants, liquid and solid, as a 
source of energy. It Is possible to get energy 
from chemical propellants by free radical (mo- 
lecular fragment) recombination, or by exo- 
ttiermic decomposition (controlled explosion). 
Free radical propulsion Is stUl In the research 
stage and It may take a long time to yield 
^u"*- exothermic decom- 

position, at the present time no material is 
available that releases sufficient energy upon 
controUed decomposition to make It preferable 
to cottibustlon systems. Further research may 
change this. ' 

Experiments have been made in the use of 
solar energy and arc-heated or electric sys- 
tems, but thus far, their low efficiency has 
made them Impractical. Progress in the field 
Of direct power conversion or large Improve- 
ments In conversion efficiency could change 

!5.™V2*''"''^*f* "«e« theradiaTnt 

enerp (rf the sun. An electric system uses the 
acceleration of charged atoms, molecules or 
particles in electric fields. If the partlcl-s 
!br fnS o"" ,"'°*«?ites, the system Is an Ion 
w system; if they are solid particles 
sjstem! * particle 

NUCLEAR-POWERED ROCKETS 

4- iSf research anddevelopment work 
Is being done to achieve the use of nuclear power 
for missile propulsion. A nuclear powerplant 
would greatly Increase both the speed a!Id 
range of missiles. Present propulsion sys- 
**°^«te a« »aJor power- 

fST. I '"^^^^^ °' 'o' apace 

flights. But they may still serve as boosters 
tor takeoff and initial accelration, to prevent 
radioactive contamination of the launching area. 

une of the main advantages in the me of 
nuclear power is that it provides an almost 
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inexhaustible source of heat. In a missile 
propelled by nuclear energy, the fuel supply 
would remain practically constant throughout 
the flight. Enough fuel to start the reaction 
would be enough for sustained operation. But 
other material, such as water, is required 
in the missile to absorb the heat developed by 
the powerplant, and to be accelerated to produce 
thrust. 

The major problems confronting the engi- 
neers are protecting t^ie launching personnel 
from radiation damage, anddeveloping a nuclear 
powerplant small enough to be carried in a 
guided missile. Many years of extensive 
technical development may be needed before 
nuclear energy can be harnessed for use as 
a missile powerplant. But the outlook is 
promising* 

Nuclear systems can be fission, fusion, or 
photon systems. (A photon is a quantum of 
electromagnetic energy.) A photon system uses 
a source of light photons to develop thrust. 
The only sufficiently powerful photon source is 
the fusion process. There is much develop- 
ment work yet to be done on this type of rocket 
engine. Much greater advancement has been 
achieved in the development of a nuclear fission 
rocket engine than in fusion-photon systems. 

Most of the research on advanced propel- 
lants is being done for use in space flights. 
Significant reduction in weight and size require- 
ments may be achieved and may make new 
propulsion methods applicable to guided mis- 
siles as well as space ships. 

HYBRID PROPULSION 

A hybrid engine consists of a liquid oxidizer, 
-a solid ftiel, and its associated hardware. The 
liquid oxidizer is valved Into a chaniber con- 
taining the solid propellant. Ignition Is usually 
hypergollc. Neither of the propellants will 
support combustion by Itself In a true hybrid 
rocket. The c txibustlon chamber Is within the 
solid grain, as in a solid-fuel rocket; the liquid 
portion Is In a tank with pumping elements as 
In a llquld-fuel rocket. This type Is sometimes 
called a forward hybrid to distinguish It from 
a reverse hybrid. In vMch the oxidizer Is solid 
and the ftiel Is liquid. Figure 4-16 Is a sketch 
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Figure 4-16.— Sketch of a hybrid 
propulsion engine. 



of the elements of a simple forward hybrid en- 
gine. Combustion takes place on the Inside 
surface of the solid fuel, after the liquid fuel Is 
Injected, and the combustion products are ex- 
hausted through the nozzle to produce thrust as 
In other rockets. Nozzle systems and vector 
control methods are the same as In other re- 
action engines. Variable thrust Is achieved by 
varying the flow of the liquid oxidizer. Thrust 
termination and restart are accomplished by 
shutting down and re-openlng the oxidizer flow 
system. 

Missiles which use a solid-fuel booster and 
a liquid engine, such as the Talos, are not 
hybrids; the propellants do not Interact. 

The biggest advantage of hybrids Is the 
ability to use reactions denied to other pro- 
pulsion systems. A second advantage Is that 
high density can be achieved, with concurrently 
good specific Impulse (Igp). The third great 
advantage Is safety. The solid grain Is Inert. 
Normal grain defects do not affect performance. 
A malfunction In combustion Is unlikely- excess 
liquid and a badly cracked solid grain could 
cause a pressure surge, but the chances of both 
defects occurring together Is small. 

Although research and development have 
been carried on In several areas since the 
IQSO's, there are still ntiany problems to be 
solved before a hybrid engine can be used in 
missiles. European research apparently Is 
ahead of ours. A successful hybrid launching 
was made In France on 25 April 1964. Re- 
search and development work Is continuing in 
the but much of It Is classified. 



CHAPTERS 

MISSILE CONTROL COMPONENTS AND SYSTEMS 



INTR(M)UCTION 



GENERAL 



This chapter wiU Introduce some of the 
numerous devices that may be used to control 
tte flight of a guided missile. We wlU discuss 
basic types of control systems: pneumatic 
pneumatic-electric, hydraulic- electric, and 
electric. Throughout the chapter we wilhdeal 
with general principles, rather than the actual 
design of any specific missile. 

Chapter 2 described the external control 
surfaces of guided missiles, such as wings, 
fins, elevators, taUs, and tabs, and described 
oie effects of natural forces acting upon them. 
The use of internal mechanisms such as jet 
vanes and fixed jets was described briefly suid 
Ulustrated. This chapter teU's how the control 
surfaces are controlled to keep the missile in 
its proper attitude on its ordered trajectory. 

DEFINITIONS 

Guidance and control are sometimes spoken 
of as if they were one and the same. They are 
two parts of the problem of getting the missUe 
to the selected target after it is fired. The main 
reason for controUing a missUe in flight is to 
gain increased accuracy for long ranges. 

A missUe guidance system keeps the missile 
on the proper flight path from launcher to 
target, in accordance with signals received 
from control points, from the target, or from 
other sources of information. The missile 
control system keeps tHe missUe in the proper 
flight attitude. Together, the guidance and 
control components of any guided missUe deter- 
mine the proper flight path to htt the i&rget 
and control the missile so that it follows this 
deternained path. They accomplish this "path 
control" by the processes of (1) TRACKING, in 
which the positions of the target and the missUe 



are continuously determined; (2) COMPUTING 
ui which the tracking information is used to 
determine the directions necessary for control- 
(3) DIRECTING, in which the direction^ we 
sent to the control units; and (4) STEERING 
wiich is the process of using the directing 
signals to move the missUe control surfaces 
by power units. The first three processes of 
patt control are performed by the guidance 
system, and steering is done by the control 
system. 

order for these processes to be accom- 
plished the missUe must be in stable flight. 
The control of missUe stability is caUed ATTI- 

?^^A?S2I??i'' "«"*"y accomplished 

by an AUTOPILOT, which is a part of the control 
system. 

Flight attitude stabilization is absolutely 
necessary if the missUe is to respond properly 
to guidance signals. When the control system 
determines that a change in missUe attitude is 
necessary. It makes use of certain controUers 
and actuators to move the missUe control sur- 
faces. The guidance system, when it determines 
that a change in missUe course is necessary 
uses these same devices to move the control 
surface. Thus the guidance and control systems 
overlap. For convenience, we wlU assume that 
the controllers and actuators are a part of the 
control system, rather than the guidance sys- 
tem. We can therefore say that the output 
signals from the guidance system are put into 
effect by a part of the control system. The input 
signal represents the desired course to Uie 
target. The missUe control system operates 
to bring the missUe onto the desired course. M 
there is a difference between the desired flight 
path and the one the missile is actuaUy on, then 
the control system operates to change the posi- 
tidn of the missile in space to reduce the error. 
To summarize: the missUe control system. 

Ifo "n^^Jl! ''•^^P*®'' ^ responsible for 
missUe attitude control. The guidance system, 
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discussed in chapter 6, is responsible for 
missile flight path control. Let us not forget 
that missile guidance and missile control are 
part of the overall weapons control system 
which includes the weapons direction system and 
the fire control system, linked by communica- 
tion systems, aU working together to get the 
missUe to the target. Radars (and sonars} for 
detecting and tracking targets, and computers 
are part of the fire control system. The speed 
of modem aircraft and missiles makes com- 
puters a practical necessity to compute target 
speed, target angle, etc., in time to align the 
launcher and missile and send the missUe to 
Intercept the target. The weapons direction 
equipment is a roomful of electronic equipment 
that includes a target selection and tracking 
console, director assignment console, weapon 
assignment consofe, and guided missile status 
indicator. This chapter will not discuss the 
operation of any of the above equipments; It 
will teU only how they affect the behavior 
of the missile In flight. 

PURPOSE AND FUNCTION: 
BASIC REQUIREMENTS 

The first requirement of a control system 
Is a means of sensing when control operations 
are needed. The system must then determine 
what controls must be operated, and in what 
way. In an airplane, the pUot checks his Instru- 



ments or visually observes angular and linear 
movement. On the basis of his observations, 
he repositions the control surfaces as necessary 
to keep the plane 'where he wants It. 

Since there is no pilot In a guided mlssUe 
to note these movements, we Install devices 
that will detect them. It is Important to mention 
here that some guided missiles do not detect 
linear movement whUe others do. AU guided 
missiles detect angular movement. This will 
be explained clearly in the chapters which dis- 
cuss the various types of guidance. The control 
system Is made up of several sections that are 
designed to perform. Insofar as possible, the 
functions of a human pilot. To accomplish this 
purpose, the control surfaces must function at 
the proper time and In the correct sequence. 

After a mlssllehasbeeplaunched. It receives 
certain controlling Orders called guidance sig- 
nals. The guidance signals may originals from 
an external point or from within the mIssUe 
Itself. To respond to the guidance signals, the 
mIssUe must "know" two things: It must con- 
tinuously "know" Information regarding Its 
movement, and It must continuously "know" the 
positions of the control surfaces. 

Figure 5-1 shows a simplified block diagram 
of a missile control system. As mentioned be- 
fore, not all of these components will be 'n the 
missUe itself. The location ofsomeofV: com- 
ponents varies with the type of guid> e used 
by the missile. 
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Figure 5-1.— Simplified missile control system. 
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FACTORS CONTROLLED 

Missile course stability is made possible by 
devices v*ich control the angular movement 
(also called rotational movement) of the mis- 
sile about its three axes. The three n^ht 
control axes are shown in figure 2-7. These are 
the pitch, yaw, and roU axes. Chapter 2 de- 
scribes how missile control surfaces are used 
to maintain the stability of the missile in flight. 
The second type of movement called translation, 
tocludes any UNEAR movement of the miuslle. 
For example, a sudden gust of wind or an air 
pocket could throw a. missile a consic^'erable 
distance off the desired trajectory without 
causing any significant angular movement. If 
you have ever flown in an airplane, this should 
be fairly easy to understand. If the plane hits an 
air pocket, it may drop several hundred feetbut 
still maintain a straight and level attitude. Any 
linear movement, regardless of direction, can 
be resolved into three components: lateral 
movement, vertical movement, and movement 
in the direction of thrust. Thus, in addition to 
the three angular degrees of movement, we have 
three linear degrees of movement. A missile 
in flight can therefore be said to have six 
degrees of movement. 

METHODS OF CONTROL 

We have discussed missile control from the 
standpoint of moving the missile control sur- 
faces. Since some operational gukled missiles 
ftinction at extremely high altitudes where 
control surfaces are not effective (duetolowalr 
density), other means of correcting the missile 
flight path have been devised. The basic con- 
cepts of missile control- without the use of 
control surfaces— are outlined in chapter 2. 
These are the exhaust or jet vanes placed 
In the jet stream cf the propulsion system 
(fig. 2-18B); fixed Jets placed around the missile 
(fig. 2-18A); and the movable jet (fig. 2-18C), 
which is a gimbaled engine mounting. (The 
gimbaled arrangement is not unlike that used to 
permit universal movement of a free gyro.) 
The engine is mounted so that its exhaust 
end is free to move and thus direct the exhaust 
gases in a desired direction. / 

The gimbaled engine mounting does not give 
ftai control about all three axes. It cannot 
control roll. To get control on all axes, two 
gimbal-mounted jets can be positioned as shown 
in figure 2-18C. Both jets must be free to move 



in any direction, and each jet must respond to 
signals from any of the three control channels 
Opitch, roll, and yaw). 

A control system using four movable jets is 
shown in figure 5-2. Each jet turns in only one 
planei Two of the jets, #1 and #3, control yaw. 
Jets 2 and 4 control pitch, and all four jets are 
used together to control roll. 

The first stage of Polaris A3 uses four 
movable nozzles to control pitch, yaw, and roll 
of the missile. The actuators, which are moved 
by hydraulic power, are connected directly to the 
rotatable nozzles. Control signals are received 
from the electronics package in the missile. 

The seccxid stage of Polaris A3 uses a fluid 
injection system in which pressurized Freon is 
injected into one or more of four fixed nozzles, 
upcxi signal from the electronics package of the 
missile. Two injector valves are mounted dla- 
metricaUy opposite each other on each motor 
nozzle. Older mods of Polaris use jetevators 
(see chapter 2) to caitrol missile movement. 

Positions of the jets are controlled by hy- 
draulic cylinders linked to the engine housing. 
One cylinder and linkage is required for each 
engine. The dlrecticxi in which hydraulic pres- 
sure is applied is determined by an actuator. 

The signals produced by errors about the 
missile axes of translation and rotation are com- 
bined by the missile compiler network to form 
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correction signals. When these correction sig- 
nals are applied to the controller mechanisms, 
action of these mechanisms results in keeping 
the missile in its correct flight path and at the 
proper attitude. 

TYPES OF CONTROL ACTION 

The basic control signals may come from 
inside the missile, from an outside source, 
or both. To coordinate the signals, computers 
are used to mix, integrate, and rate the sig- 
nal impulses. In a missile control system, the; 
remembering is done by integrating devices and 
the anticipation (of vdiat to do next) is done by 

rate devices. . 

The computer network can be thought of as 
the brain (or the pilot) of the missile. The 
computer network takes into account guidance 
signals, missile movement, and control surface 
positions. By doing this continuously, it can 
generate error sigmils. These signals cause 
control surface movements, or a change in the 
Jet stream direction as described above, that 
tend to keep the missile at its design attitude 
and on its correct trajectory. Actually, a mis- 
sile is rarely at its design attitude or exactly 
on its prescribed trajectory. Like a ship, the 
missile continuously yaws, rolls, and pitches, 
i^nd experiences movements of translation. The 
computer network canbe compared to the helms- 
man on a ship. Both are always making cor- 
rections. Seldom is either absolutely right. 

The terms "error signal" and "correction 
signal'' are used almost interchangeably. 
Strictly speaking, the signal that orders move«- 
ment of the control surfaces to correct errors 
is a correction signal. It originates in the control 
section of the missile. Signals that tell the com- 
puter about deviations m flight path are error 
signals and originate in the guidance system. 
Since all of these signals concern error? they 
may be called error signals. 

An automatic control system of this type is 
generally referred to as a SERVOMECHANISM, 
discussed later in this chaptex:. 

The Job of a computer in a fire control sys- 
tem is to convert available information such as 
speeds, locations, and ballistic data, ,ihto xe- 
quired information such as fUze settings, and 
missile orders. It does thisbyuseof a complex 
of components and devices that make upthe com- 
puter network. According to their manipulation 
of control signals, they may be classed as: 



MDCERS.-^The mixer combines guidance and 
control signals in the correctproportiai, sense, 
and amplitude. In other words, a correction 
signal must have the correct proportion to the 
error, must sense the direction of error, then 
apply corrections in the proper amplitude. 

PROPORTIONAL.-.Th€ proportional control 
operates the load by producing an error signal 
proportional to the amount of deviation from 
the control signal produced by a sensor. 

RATE.^Rate control operates the load by 
producing an error signal proportional to the 
speed at which the deviation is changing. This 
output is usually combined with a proportional 
signal to produce the desired change in mis- 
sile attitude or direction. 

These are not names of single components, 
but rather, they designate the type of action 
performed by one or more components in the 
system. 

TYPES OF CONTROL SYSTEMS 

Regardless of which method of trajectory 
control is used, whether by movement of con- 
trol surfaces, Jet vanes, movable or fixed Jets, 
movable or fixed nozzles, or fluid injection, 
all must use some source of power to make 
the movements. This power is initially produced 
by hot gases, compressed or high pressure air, 
or electrical means. The power is transmitted 
from the supply sources to the movable controls 
by PNEUMATIC, ELECTRICAL or MECHANI- 
CAL means, or by using a HYDRAULIC trans- 
fer system in conjunction with the sources men- 
tioned above. 

Before getting into the details of specific 
types of control, let us first take a general 
look at several possible controllers and com- 
pare some of their advantages and disadvan- 
tages. 

Apneumatic system ¥diichdependson tanks of 
compressed air is obviously limited in range. 
Since air or any other gas is compressible, 
the movement of a pneumatic actuator is slow 
due to the time it takes to conipress the air 
in the actuator to a pressure sufficient to move 
it. Hydraulic fluid is practically incompress- 
ible and will produce a faster reaction on an 
actuator, especially when the actuator must 
' move against large forces. Thus, large, high 
speed missilPii are controlled by hydraulic 
actuators. 
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A hydraulic system normally weighs more 
because it ne(ids a pump, reservoir, and accu- 
mulator. Also, a hydraulic system is hard to 
maintain, requiring filling and bleeding opera- 
tions. 

At the high altitudes at nrfiich most missUes 
are intended to lly, temperature and pressure 
are severely reduced. This has an effect on 
any type of control system. At extreme altitudes 
hydraulic fluid may be useless due to severe 
changes in its viscosity. Air bubbles in metal 
parts may expand and create malftmctiois. High 
altitude lubrication of mechanically moving 
parts must be considered. Changes of tempera- 
ture also affect theoperationofelectronicparts. 

Very few missiles have been designed v*ich 
do not have some part that operates by elec- 
tricity. The use of an all electric control 
system would place all the equipment, except 
the propulsion unit, within the electrical field. 
This would simplify manufacture, assembly 
and maintenance. Also, it would be easier to 
transmit information or power to all parts of 
the missile by wires, rather than by hydraulic 
or pneumatic tubing. Disadvantages of all- 
electric control systems wiUbe discussed later 
in this chapter. 

An all-mechanical control system in a mis- 
sile is not very probable. In an all- mechanical 
system, error information would be transferred 
from a mechanical sensor by some mechanical 
means such as a gear train, cable, rotating or 
sliding shaft, or chain linkage. This linkage 
would then connect to the correcting devices 
such as control surfiices or movable Jets. In 
addition, any computing devices In the system 
would also be mechanical. 

The major disadvantages of a mechanical 
control system are that too much power would 
be required to move the necessary (and heavy) 
gear trains and linkages, and the fact that in- 
stallation of an all-mechanical system would 
be extremely difficult in the small space allotted. 

To gain advantages and offset disadvantages 
of the different types of control, combinations 
are used, such as pneumatic- electric, hydraulic- 
electric, hydraulic-mechanical, or others. 

ENERGY SOURCES 

/*««^**®®*^®* contain aux2Iii>j7 power supply 
(APS) systems in addition to the main engine 
required for thrust. The APS systems jaro- 
vlde a source of power for the many devices 
required for successful missile flight. Soqte of 



the APS systems rely on the main combustion 
chamber as the initial source of energy. Others 
have their own energy sources completely sepa- 
rate from the mainpropulsion unit. Whatever the 
initial source of energy, APS systems may be 
placed in two broad categories-STATIC and 
DYNAMIC. In the static systems energy is 
used in the same form in \i*ich it is stored. In 
the dynamic systems energy is changed from one 
form to another by a conversion unit. 

System Requirements 

Before taking up specific systems, there are 
several general requirements for an APS system 
that we will mentiai briefly. First, the system 
must be able to deliver the necessary power 
during aU conditions of missUe flight. Second, 
the system must be able to respond quickly and 
accurately to domands made on it. Third, the 
system must be ofminimum&iize and weight con- 
sistent with the requirements it must meet. 
Fourth, the system must bft durable enough to 
withstand long storage under severe conditions. 

STATIC SYSTEMS.-AS previously men- 
tioned, the static APS systems use energy in the 
same form in which it is stored. For example, 
the electrical energy in a storage battery may 
be used directly to operate solenoids. Com- 
pressed air also may be used directly to op- 
erate control system compcments. Static sys- 
tems require no rotating machinery for energy 
conversion. 

DYNAMIC SYSTEMS.-In dynamic systems 
energy is changed from one form to another. 
For example, the potential energy in compressed 
air may be changed to electrical energy through 
an air-driven turbine and electric generator. 
The same is true ofcombustiongases taken from 
either the main conibustion chamber or a sep- 
arate auxUiary combustion chamber. Liquid 
fuel may be tapped off the main propulsion ftiel 
tank and used to drive an auxiliary engine. 
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Auxiliary Power Supply Unit 

The components ofthe auxiliary poorer supply 
may be packaged as a unit. The unit includes a 
separate and special generator, usually of the 
gas turbine variety, used for the production 
of on-board power. It can be either a solid 
propellant or a liquid propellant hot gas gen- 
erator that is duct-conner.ted to a turbine which 
in turn is connected by a shaft to an electric 
generator. The turbine is an energy conversion 
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unit, converting potential energy to kinetic 
energy. The Terrier BT-3 missile, for ex- 
ample, has two hot-gas generators, each with 
its package of solid propellant. The hot-gas 
exhaust firom one generator is fed to the mis- 
sile's turbohydraulic system and the other goes 
to the turboelectric system. The Tartar mis- 
sile has similar hot-gas generator systems to 
power the hydraulic and the electric compo- 
nents of the missile. These hot-gas generators 
provide a significant saving in space and weight 
over the compressed air system formerly used 
in the Terrier missile. They are placed in the 
aft section, near the tail, which is controlled 
by the hydraulic system. All-electric systems 
are planned to replace hot-gas generators. 

Other power supply imits, usually with a 
battery source, are assembled as ''package 
units'' that can be easily installed or removed 
from the missUe. The Tartar missile, for 
example, has five ''vrtieels" in its electronic 
section, each with its own power supply, so if 
there is foilure in one ''wheel" it does not 
affect the operation of the others and the de- 
fective one can be replaced without disturbing 
the others. 

These internal power supplies are not used 
untU after the missile is in flight. As long as 
the missile is on the launcher, power is supplied 
from the ship's (or aircraft) power. (Talosuses 
some of its internal battery power momentarily 
before warmup power is applied on the launcher.) 

Not all missiles use hot-gas generators to 
provide auxiliary power. The Talos missile 



has an air-driven hydraulic pump assembly 
y«iich uses air taken in through the diffuser 
in the missile nose. The power system con- 
sists of an accumulator, a wm&, and the air- 
driven hydraulic pump. 

Descriptions of solid-propellant and liquid- 
propellant hot-gad auxiliary systems follow. 

A BASiC SOLID PROPELLANT SYSTEM is 
diagrammed in figure 5-3. It does not repre- 
sent any sp^^Ufic auxiliary power supply system 
now in use. 

The proi^ellant chamber or combustor con- 
tains the propellant charge-a ballistite or re- 
lated type of powder grain-and a black-powder 
igniter and squib, in a propellant train sequence. 
After the squib is ignited (usually Just before 
launch) the propellant bums and evolves hot gas 
to build up pressure in the chamber. The pres- 
sure is regulated by a regulating valve, which 
admits iir to a gas turbine (either multiple- or 
single-stage). Theturbinelsgearedtoahydrau- 
llc pump and pressure regi^lator and tpan alter- 
nator. In the system dl&f^rammed, hydraulic 
fluid output goes direct to tne hydraulic servos 
and other hydraulic system units, and is then 
recirculated back to the pumps. Alternator 
output goes direct to those units that requires 
a-c, and through a rectifier and voltage regu- 
lator to furnish regulated d-c. A flyball gov- 
ernor (in principle similar to those on old- 
fashioned stationary reciprocating steam 
engines) may be used to govern alternator speed 
*o regulate a-c frequency and voltage. In one 
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design, a separate turbine-driven rotor gen- 
erates a current )»4iich is fed back to an in- 
duction brake to regulate turbine speed. 

In other designs, there is no hydlraulic 
pump; instead, the turbine erfiaus*. charges an 
accumulator to develop hydraulic pressure. 
If the system uses pneumatic actuators, com- 
bustor exhaust may be lec? direct to the actua- 
tor control valves. 

Both Terrier and Tartar hot-gas auxiliary 
systems use a sUigle stage, axial flow impulse 
type turbine of the type shown in figure 5-4A. 
In this turbine, the gases expeUed through the 
nozzles are not reversed in direction, but make 
only one pass through the turbine blades. In a 
Terry turbine (fig. 5-4B), the products of 
combustion are led through a gas manifold 
ring and pass thrijugh the nozzles. The gases 
then impinge at high velocity on the semi- 
circular recesses (buckets) miUed into the 
periphery of the M*eel. In passhig through 
the buckets the direction of flow is reversed 
180 degrees. The gases kte then caught by a 
semicircular reversing chanibet in the casing, 
where they are again reversed 180°and returned 
to the wheel. The process is repeated five times 
through a 90" arc of the turbine housing, after 
M*ich the gases are exhausted. Reversing the hot 
gases several times gives a multiple- stage 
effect, thereby using more ofthe potential energy 
in the gases. 

The electrical, mechanical, and hydraulic 
components discussed here may, of course 
be used equally well with liquid-fueled gas 
turbines. 

A BASIC LIQUID PROPELLANT SYSTEM is 
shown in figure 5-5. High-pressure inert gas 
flows from the gas flask through the arming 
vawe and the pressure reducer valve. The 
arming valve is tripped Just before launch. 
The gas flows into and inflates the fuel tank 
blsidder. The fuel tank (fig. 5-6) consists of a 
metal tank v/ith a plastic bladder inside it. The 
fuel (in this case concentrated HoOo-hydrogen 
peroxide) is stored in a metal tank. As the 
pressurized gas fiUs the bag at a regulated rate 
the fuel is forced out of the tank at a corres- 
ponding rate. A check valve prevents a return 
fuel flow and transmission of pressure waves 
from the decomposition chamber to the fuel tank. 

The throttle valve regulates ftiel flow to«e 
decomposition catalyst tank. When the fuel 
comes into contact with the decomposition 
atalyM (Na£fo04— sodium permanganate) it 
breaks down into free oxygen, (Og) and steam. 



(Other chemical changer* take place, too, but this 
is the main power-producing reaction.) Theheat 
energy produced in this process is as much as 
can be used efficierily in small turbines; henve 
there is no need to burn the free oxygen produced 
by thedecompositionoftheperoxide. Theturbine 
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Figure 5-5.--Basic liquid-propellant auxiliary 
power supply. 



drives a hydraulic pump and electrical genera- 
tors much as in the solid propellant unit. 

Because Oie shaft speed of the turbine is so 
very hic^ it is necessary to use a set of reduc- 
tion gears between the turbine and the alterna- 
tor and the hydraulic pump. 

AUXILIARY SYSTEBffl USING OTHER 
POWER SOURCES.*One Navy missile used the 
main e^^e's propellant to drive an auxiliary 
power unit. This v»s Corvus, now dbsolete, 
in ^ch a small gas tuxblne ^s used to drive 
the engine's ftiel and oxidizer pumps. The 
auxiliary power supply of the Regulus was 
driven by ttie main engine (turbojet) of the mis- 
sile. In Tal08» an air-driven turbine drives the 
hydraulic pump vMch pressurises the hydraulic 
fluid useu to operate Oie »temal control sur- 
fiices. Durfi«flie boost phase, accumulators of 
hl^-pressur6 nttrogen supply ttie pressure to 
the liydnndie fluid* 

ACCUlfULATpRS are used for storing hi^- 
pressnre iamtt gas (such as nitrogen) in some 
missiles, this arrangttanent is oneofthe tim 
types of statle pcmer untts to be found in Navy 
missiles. tlM arrangeinent f or Aiel feed de- 
scribed OfOTB im liqaid-prdpellant auxiliary 
power soppUM i« one typical meOiod of using 
sudi energy storage unit* Another is to 
valve file gu iHtectty fittto pnw mattc cylinders 
to operate aerodynamic eoolrcA surfaces. 2^ 

CHEMICAL BATTERIES utilise diendcAre- 
actions to devdop d^ voltages. Common dry 
etfUs ant lestfi^aeld storage beitertes arefiunil- 
itr to every one. lOssile power supines rdy on 



less common types because oftheir lower weight 
per unit energy storage, longer shelf life, better 
voltage characteristics; greater sturdiness, and 
resistance to extremes of temperature. Tlie 
types used are silver-zinc, nickel-cadmium 
(so-called ''Edison" type), and mercury. The 
first two are technically secondary or storage 
cells that can be recharged, vrtille the last is 
a primary type that cannot be easily recharged. 
However, in the necessarily narrow vocabulary 
of missile and space specialists, any chemical 
battery is considered a primary type if it is 
intended to be used once only, regardless of 
its nominal rechargeabiUty. 

The silver-zinc battery, which required the 
addition of the electrolyte (potassium hydroxide 
solution) at the time the power was needed, has 
been largely replaced by a nickel-cadmium 
battery which can be recharged. The need for 
a viable battery in the missile has motivated 
much research, and decided improvements have 
resulted. WhUe the batteries in a missUe wlU 
be used only once, when the missile is fired, 
they may be In position in the missile a long 
time before this event. Long storage life and 
rechargeabiUty are two important qualities. 
The newer type nickel-cadmium batteries have 
both of these. While their shelf life is good for 
several years, to be absolutely sure of full 
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Figure 5-6.-Fttd tank in liquid-propellant 
auxiliary power system. 




battery power, the battery Ib removed from each 
missUe every 30 days and is completely re- 
charged. In this way, there is always a fresh 
battery in the missUe. These batteries can be 
recharged 200 to 300 times. 

In some missiles, mercury batteries are 
used instead of the old type dry cell batteries 
where a small voltage is desired. 

Another type of battery which is inert untU 
activated is one in which the electrolyte is in 
solid form imtil shortty before the missUe is to 
be launched. Thebattery will not develop an out- 
put voltage unless the electrolyte is in liquid 
form. In this arrangement, a detonating voltage 
is transmitted to a squib in the battery Just be- 
fore launch. The squib ignites a chemical heating 
mixture; this causes the electrolyte to liquefv 
and the battery is energized. 

This type is called ia thermal battery be- 
muse it requires heat to cause it to activate. 
Its storage life is indefinite, either in or out of 
the missile. Another advantage is that it does 
not have caustic or acid electrolyte that can 
spill out and be a hazard. 

....ii?® c«ll Ifl a type of chemical battery 
unlike primary and storage batteries of the kind 
discussed above. In ftiel cells, electric current 
is produced direcUy from oxidation of a fuel, or 
from a similar chemical reaction. The reaction 
is speeded by a catalyst; platinum is used at 
present, but search is continuing for a cheaper 
catalyst. So far no ftiel cell has been developed 
to a point whe^e it has been adopted for use in a 
Navy missUe, but it is Ittely that some such 
developmentwlll come in the relatively near ta- 
tare. Successftil ejqperimental fiiei cells have 
been produced which use hydrazine fUel with 
oxygen as the oxidizer. A hydrogen- oxygen ceU 
is specified for Uie two-man Gemini flights. 
Fuel ceUs wUl also be used for. Oie ApoUo moon 
flights. 

OTHER TYPES OF BATTERIES.-Atleastin 
theory, batteries of types other than chemical 
can be used in guided missUes for auxiliary 
power supply. At Uie present writii«, solar ceUs 
have been used successftiUy to power satellite 
sensors and data transmitters, but so fiu* they 
have hot been employed in guided missUes. 

S??®"^ converts Oie energy of 
li^ into electric energy. The most common 
•olar ceU is a sUicon photovoltaic ceU; selen- 
inm cells are also used. Temperature has a 
ctmslderable effect on the output. Contrary to 
the usual effect, the output goes up astfae temp, 
erature decreases. 



Nuclear power ceUs similar to those devel- 
oped experimentaUy by theAtomic Energy Com- 
mission's SNAP program might also be used in 
missUes, alUicugh at present Uiis seems unlikely 
because of Uie anticipated high cost of such units 
and because Uieir principal characteristics do 
not seem to meet Uie requirements of missUe 
systems. Specifically, nuclear cells character- 
isticaUy can produce a fiiirly constant current 
over a period of years, but intiieir present state 
of development require substantial shieldhig. 
Satellites require a reliable power supply over a 
prolonged period, but missUes do not, and Uie 
penalty of either radioactive hazard or heavy 
shieldhig seems like an unnecessary one to pay 
so tAT as missUes are concerned. 

In use, batteries eitAr feed d-c direcUy to 
electronic and electrical untts Uiat require it. or 
drive alternators to furnish a-c. D-c motor- 
driven hydraulic pumps Airnish hydraulic fluid 
under pressure. (A battery can also drive a 
vibrator-type a-c supply.) 

REQUIREMENTS OF A MISSILE-CONTROL 
SERVOSYSTEM 

^ We mentioned before that the missUe control 
system is a servomechanism. In performtag its 
function, a servomechanism takes an order and 
carries it out In carrytag out ttie order, it 
determhies the type and amount of difference 
between what should be done and lAat Is behig 
done. Having determined ttiis difference, ttie 
servomechanism then goes ahead to change 
whjt is being done to what should be doneTto 
order to perform these functions, a servo- 
mechanism must be aUe to: 

1. Accept an order which defines the result 
desired. 

2. Evaluate the existhig conditions. 

3. Compare the desired result with the 
existing conditions, obtataU« a difference be- 
tween the two. 

4. tosue an order based on tiie difference so 
as to change the existing conditiansto the desir- 
ea result. 

5. Carry out the order. 

For a servomechanism to meet the require- 
ments Just stated, it must be made up of two 
systems^an error detecthig system and a con- 
faroUing system. The load, which is actuaUy 
tte output of Uie servo, can be considered part 
of the controUer. 
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By means of servosystemsi some property of 
a Icrad is made to conform to a desired condition. 
The property under control is usually the po- 
sitioni the rate of rotation, or the acceleration 
of the load. The system may be composed 
of electrical^ mechanical, hydraulic, pneumatic, 
or thermal tmits, or of various combinations of 
these units. The load device may be any one of 
an unlimited variety; a missile control surface, 
the output shaft of an electric motor, and a 
radar tracking antenna are a few typical ex- 
amples. 

DISCONTINUOUS AND CONTINUOUS 
CONTROL 

The simplest forn^of control can be illus- 
trated by the elementary circuit shown In figure 
5-7A. The circuit contains a source of power, 
a switch, or controlling device; and ah un- 
specified load. The elements are connected in 
series. When the switch is closed, energy flows 
to the load and performs useful work; when the 
switch is opened, the energy source is dis- 
connected from the load. Thus, the flow of 
energy is either zero or a finite value de- 
termined by the resistance of the circuit. 
Operation of this general type Is called DISCON- 
TINUbUS CONTROL. 

In figure S-TB^ the circuit Is modified by 
substitution of a rheostat for the switch; and 
the circuit now provides CONTINUOUS CON- 
TROL. By displacing the rheostat contact, 
the circuit resistance Is varied continuously over 
a limited range of values. The energy expended 
in the load is then varied over a corresponding 
range rather than by intermittent^ or on-off 
action as in discontinuous control. Both these 
simple examples represent a fundamental prop- 
erty of control systems in general: the en- 
ergy required to control the system Is small 



compared with the quantity of energy delivered 
to the load. 

OPEN- AND CLOSED-LOOP 
SERVOSYSTEMS 

In the examples given above, the power source 
is controlled directly by manual adjustment of a 
switch or of a rheostat. In more complicated 
servosystems, control signals are applied to 
the power device by the action of an electrical 
or a mechanical device rather than by manual 
means. 

Automatic servosystems can be divided into 
two basic types: open-loop and closed-loop 
systems. The essential features of each are 
indicated by the block diagrams in figure 5-8. 

In both systems, an iiq;mt signal must be 
applied which represents in some way the de- 
sired condition of the load. 

In the open-loop system shown in figure 5-8 
At the input signal is applied to a controller. 
The controller positions the load In accordance 
with the input. The characteristic property of 
open-loop operation Is that the action of the 
controller Is entirely independent of the output. 

The operation of the closed-loop system 
(fig. 5-8B) involves the use of followup. The 
output as well as the Input determines ttie 
action of the controller. The system contains 
the open-loop components plus two elements 
which are added to provide the followup function. 
The output position is measured and a followup 
signal proportional to the ou^;nxt is fed back for 
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Figure 5-7.->Elementary control circuit: 
A. Discontinuous control; B.Contittuoas control. 
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.comparison ^th the Input value. The resultant 
is a signal ^Aiich is proportional to the differ- 
ence between input and ou^t. Thus, the system 
operation is dependent on input and output rather 
than on input alone. 

Of the two basic types^ closed-loop control 
(also called followup control) is by far the more 
widely used^ particularly in applications ^ere 
speed and precision of control are required. 
The superior accuracy of the closed-loop sys- 
tem results from the foUowup function ^Icb is 
not present to open-loop systems. The closed- 
loop device goes into operation automatically 
to correct any discrepancy between the desired 
output and the actual load position, responding 
to random disturbances of the load as well 
as to changes to the input signal. 

CONTROLLABLE FACTORS 

The missile control system is actually a 
closed-loop servomechanism to itself. It is 
able to detect roll, pitch, and yaw, and it is able 



to position the movable control surfaces in ac- 
cordance with this attitude information. It is 
very important that you understand that the 
control surfaces are not positioned on the basis 
of attitude information alone. It is agato pointed 
out that movement information, guidance sig- 
nals, and control surface position informa- 
tion are continuously analyzed to the computer 
network. The correction signals are contto- 
uously generated on the basis of all this infor- 
mation. 

OVERALL OPERATION 

Before studying the Individual components 
of the missile control system, let us take a 
brief look at the operation of the system as a 
whole. Figure 5-9 shows the basic missile 
control system to block diagram form. You 
will notice that the system to shown in con- 
siderably more detail than that in figure 5-1. 
Free gyroscopes provide physical (spatial) ref- 
erences from ^ich missUe attitude can be 
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determined. For any particular missUe at- 
titude, free gyro signals are sent from the 
gyroscopes to the computer network of the 

missile. . 

These signals are proportional to the amount 
of roll, pitch, and yaw at any given Instant. 
After these signals have been compared with 
other information (for example, guidance sig- 
nals), correction signals result. The correction 
signals are orders to the controller to position 
the control surfaces. The purpose of the 
amplifier is to bulW the weak correction sig- 
nals up to sufficient strength to cause actua- 
tion of the controller. As in any closed- 
loop servosystem, followup informatton plays 
an important role. A followup mechanism con- 
tinuously measures the positions of the control 
surfaces and relays signals back to the com- 
puter network. 

External Follomip 

Jn addition to the internal followup ^ich 
is actually measured by a mechanism, we can 
think of ttie missile's movement detecting de- 
vices as providing an external followup feature. 
The &ct that the gyroscopes continuously de- 
tect changing missile attitude Introduces the idea 
of external followup. This is represented by 
ttie dotted Itae to figure 5-9. ^ 

COBCPONENTS OF BOSSILE CONTROL 
SYSTEISS 

Figures 5-1 and 5-9 have named parts of a 
missile control system and some of the com- 
ponents have been discussed. The conqponents 
may be grouped according to ttieir functions. 
They cannot be strictly compartmentalized as 
fliey mustworktogetherandflierelsoverlapplng. 
Devices for detecting ndssUe movement may 
be called error-sensing devices. The amount 
and direction of error must be measured by a 
fixed standard; reference devices provide ttie 
signal for conqarlson. CorrecUoo-computlng 
devices compute the amount and direction of 
correction needed and correction devices carry 
out flie orders to correct any deviation. Power 
output devices anq;dlfy Itae error signal, but ttie 
prime purpose is to build up a small compater 
output signal to a value great enoogli to operate^ 
ttie controls. The use of feedba ck loo ps pro- ' 
vides for smootti operation of ttie controls. 

Do not eottftise the missUe control sj^tem 
with Ibe weapons control syitenu The weapons 



direction system and the fire control systems 
and their related components comprise the 
weapons control system. These shipboard 
equipments control all weapons aboard, includ- 
ing guns, missiles, and torpedoes. The mis- 
sile control systems are in the missUe, and 
may receive direction from shipboard equip- 
ment. 

REFERENCE DEVICES 

In order to determine errors accurately, 
the complete control system must have refer- 
ence values built In. The system is Uien cap- 
able of sensing a change, comparing the change 
to a reference, determining the difference, then 
starting a process that will reduce Uie differ- 
ence to zero. 

The reference units in a missUe control 
system are of three Wnds-voltage references, 
time references, and physical references. 



PURPOSE AND FUNCTION 

The reference device (comparison device, 
fig. 5-8) provides a signal for comparison with 
a sensor signal, so that equipment In the missUe 
will "know" when ttie missile has deviated from 
the desired atUtude. The reference section is 
connected to the computer section. If the 
reference section were omitted from the con- 
trol section, the computer would be unable to 
conqpute error signals. 

TYPES OF REFERENCE 

The three types of reference signals will be 
described separately to show how each type func- 
tions in the complete control system. 

Voltage 

In some control systems, the ERROR SIG- 
NALS are in the form of an a-c voltage which 
contains the two characteristics necessary to 
make proper corrections in ttie flight pam. 
These are tiie amount of deviation, and the 
direction of sense of ttie deviation. 

The amount of deviation may be indicated by 
ttie amplitude of ttie error signal so ttiat, as 
the deviation Increases, the amplitude Increases; 
and If ttie deviation decreases, the amplitude 
decreases. Theref&re, vftenttie missUe attit ude 
has been corrected and ttiere Is no lOTgcr a 
deviation, ttie error signal amplitude drops to 
sero* 
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The direction of deviation may be carried 
by the a-c signal as a phase difference with 
respect to the phase of a reference signal. 
Only two phases are required to show direc- 
tion of deviation about any one control axis. 
When a phase- sensitive circuit, such as a dis- 
criminator, is used to compare the error 
signal withthe a-c reference signal, the direction 
of error is established and the output contain- 
ing this information is fed to other control 
sections. 

In most cases, the a-c reference voltage is 
the a-c power supply for the control system. It 
also furnishes the excitation voltage for the 
sensor unit that originates the error signal. 

The controller unit (fig. 5-1) usually re- 
quires a d-c signal, which must include the 
information contained in the original error 
signal. The amplitude of the d-c signal shows 
the amount of deviation. The direction of de- 
viation is indicated by the polarity of the d-c 
signal. To keep the d-c signal from becoming 
so large that it would cause overcontrol, a 
limiter circuit is used. Limiters require a 
d-c reference voltage, and function as a part 
of the reference imit. 

Time 

The use of time as a reference is fkmiliar 
to everyone. One conunon application is in the 
automatic home washer. A dock-type motor 
drives a shaft, which turns discs that operate 
electric contacts. These contacts close control 
circuits that operate hot- and c(dd- water valves, 
start and stop the water pump, chaise the 
waAer speed, spin the dotties di^, and finally 
shut off the power. Eadi operation runs for a 
specified time interval. This kind of timer can 
be used for certain missile control operations. 
A timer may be used to start a variety of con- 
trol functions. Sometimes a timer is used 
stricUy as a safety device. 

Timer control units vary considerably in 
physical dmracteristics and operations. All of 
them recyiire an initial, or triggerti^, pulse. 
Sinc e an timers in a complete system are not 
triggered at ttie same time, each nrast have its 
own trigger. This is usually an electrical 
8lgiial« It may be fed to a scHAioid iiMcfa 
mechanically triggers the tirniiv device. . 

Medm nical^ electrical, and pneumatic timers 
are used in missiles. Ibe prine^iles arie ap^ 
plicible to most variations you wfiD run across. 



The use of timers in guidance isystems is de- 
scribed in the chapters on the different types 
of guidance. 

MECHANICAL TIMERS.— The mechanical 
timers used in guided missiles are generally of 
the clock type, and are very similar in operation 
to a mechanical alarm clock. The ordinary alarm 
clock can be set for a time delay up to twelve 
hours. The timers used in guided missiles can 
usually be set only for timedurations in seconds 
or minutes. As with the alarm clock, the me- 
chanical timer in a missile receives its power 
from a compressed spring. Since the timers 
used in missiles are not normally started until 
the missile is inflight, it is necessary to provMe 
some type of triggertag mechanism to initiate 
the timing operation. Usually the mechanism 
consists of a linkage which is actuated by ener- 
gizing a solenoid. 

It is also possible to trigger timers by the 
use of other timers. For example, a 5-minute 
timer could trigger a 1- or 2-minute timer. 

ELECTRICAL TIMERS.-Two types of elec- 
trical timers are commonly used in guided mis- 
siles. These are motor timers and thermal 
timers. In either type, the triggering is dcme by 
an electrical signal, and the time interval begins 
when the trigger voltage is applied. 

BJOTOR TIBlERS.^Figure 5-10 illustrates 
the principle of the motor timer. A voltage is 
applied to the motor to cause it to rotate. The 
speed of the output shaft is reduced by a re- 
duction gear calibrated in accordance with the 
amount of time delay required. The switch will 
be opened or closed by the output shaft, d^end- 
ing on the particular function under control. The 
output current could be applied toagyrotorquer 
or a throttle valve. By the addition of several 
items, tbe timer may be made to rec]rcle itself 
as shown in figure 5-11. The automatic clutch 
in the figure releases the actuating arm when 
the arm makes contact with the microswitch. 
The spring returns the arm to its initial posi- 
tion and tte cycle is repeated. Another meOiod 
of rdeasing tbe dutdi uses mechanical means. 
In this type, a linkage between the actuatii« 
arm and Oie clutch would perform the same 
fttnction as the electrical release signal. 

lengBi of time required for the actuatii^ 
arm to tnnrel from fbe starting positicm to the 
point where contact is made is the ddaytime of 
the unit. 

THSRICAL TIllERa*.Another triggering 
mettiod taivoives the application of anelectrical 
iigm to a heater coil which heats a bimetal 
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Figure 5-10.— Principle of the motor timer. 




Figure S-lls-Motor timer wltb automatic recycUng feature. 
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strip and causes it to bend, thus opening or 
dosliv electrical contacts. This method may be 
more familiar ^en you contemplate the opera- 
tion of a ^Ical thermostat like the one found In 
Oie home. 

Thermal dday tabes andOiemialrelayshaTe 
been need extenstvdy to p erfo rm time dday 
ftmctloiui. These timers have a great advantage 
over flie dectrlcal timers In the ease wKhidiidi 
ttiey recycle theme^es;hoivever,ttiey are not 
as aecorate as ftm dectrlcal timers. Figure 
5-12 ehows a ttemud delay tui)e. Us conqpo- 
nents are blmelallic str^is, a heating aOU 
and a set of euntacta. 

When a triggering voltage is applied, the 
heatins coil heats GMB of the bUhetalllc strlpa. 
As llie temperatnre rises, the stripdeformiand 
its curtact moves toward the other ^ u ^A^ il i 
When tbe bimetal strip has heated amncienOyf 
ttie cootacts toudi and Oie ootpot dreolt Is 
eom^letad, causfBg Ibe presel ftmetloii tooeeor. 

The amoDBt off time betvreen appUeatloii dt 
tte ttmei li i g vottage and dosing off flie 



tacts is determined by the contact spacing, the 
temperature characteristics of the metals in 
ttie strips, and ttie characteristics of the heater 
coU. The delay time is preset by the manu- 
fitcturer; the assembly is ttien placed in a tube- 
type enclosure, and ttie air is pumped out of 
ttie tdbe. Tliis type of construction (electron 
tube) prevents any adjustment of ttie time dday. 

PNEUMATIC TIMERS .—Pneumatic timers 
opnate on ttie basis of ttie time reqplre dftwr a 
quantity of compressed air to escape ttiroogb a 
needle valve. The opening in ttie needle valve 
can be adjusted (timeai!Qastment,llg.5-13). The 
smaller the orifice, ttie longer it win take ttie 
piston to ccmie dovm far enougli to close the 

contacts* ^ 

There are two general types of pneumatic 
timers^piston and diaphragm. 

PISTON TYPE TIMBRS.«.Figure S-13A 
ihowa ttie operation of a piston type pneomatlc 
timer. This type of timer is often employe^ 
inaneOatdy on laondtinB a missile. Thei 
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Figure 5-12.-.Theriiial delay tube. 

acceleration of the missile at launch causes the 
inertia block to move in the direction indicated. 
This r^eases the catch, and the timer isthen in 
operation. Compressed air under the felt 
washer is permitted to escape throng the preset 
qpening of the needle valve. As the plunger 
moves dovm^ due to the decreasii« air pressure 
and the force of the spring, the coirtacts come 
closer together. After the proper time delay, 
toe contacts will meet and toe ou^ circuit will 
be energised, causing actuation of some mecha- 
nism in toe missile. 

DIAPHBAGM TIMERS«-Anotoer type of 
pneumatic timer is toe diaphragm timer shovin 
in figure S-13B. The same principle is involved 
wito this timer a« wito toe piston type. Prtor 
to being put into operation, toe solenoid is 
energised, thus holiUng toe core and sprii« 
In toe position shown. At tois time, toe leatoer 
diaphragm ia stretdied so toat air is per- 
mitted to entor toe inlets. When toe solenoid 
la deenargized, toe spring win force toe piston 
upward, dosing toe air inlets. The air wUl 
*«^e forced to escape at a preset rata 
toroqgh toe needle valve. As wito toe piston 
tjpe timer, a ftmetion in toe miaaOe will be 
actuated when MfRcient air eacapes to allow 
to«contactatonieet« 

Pbysleal Raf erencaa ^ 

yh^y amubarof rafareneeaforndaafla 
control aystema oOkar toan toe voltage and Oitia 



classifications we have discussed. The remain- 
ing types have been grouped under toe heading of 
physical references. They include gyros, 
pendulums, magnetic devices, and toe missUe 
airframes. They may be compared to bench 
marks, or fixed positions from which measure- 
ments can be made. 

GYROS.— Altoough gyros are physical ref- 
erences, toey are discussed under toe heading 
of sensors. The gyro rotor in itself cannot 
determine missile attitude information. Pick- 
offs must be used in conjunction wito gyros to 
determine missile attitude information. The 
gyro pickoff system can sense any change in 
missile attitude wito respect to toe gyro. 

Pendulum 

The pendulum may be used to establish a 
vertical reference line in a guided missUe. 
Any object witoin toe earto's gravitational pull 
is attracted directly toward toe center of toe 
earth. If a weight is suspended on a string, 
toe weight will come to rest in such a way as 
to cause toe string to represent toe direction 
of toe true local vertical. This principle finds 
a common application in toe carpenter's plunib- 
bob. 

Some gyros are precessed to a vertical 
position by a pendulum device called a ''pendu- 
lous pickoff and erection system.'' The com- 
plete gyro system is called a vertical gyro; 
it may 1)e used to measure toe pitch and roll of 
a missile. 

MAGNETIC DEV1CES.-Magnettc compasses 
have been used for centuries to navigate toe 
seas. The compass enables a navigator to use 
the lines of flux of toe earth's magnetic field 
as a reference. A similar device, known as a 
"flux valve'' is used^ some missUe control 
systems. Its primary purpose ia to keep a 
directional gyro aligned wito a given magnetic 
beading. The directional gyro can toen be used 
to control the yaw of a missile. 

A bar magnet will attempt to align itself 
in accordance wito toe direction of toe earth's 
va^Uc fidd. 'When toe bar ia aligned in a 
norto-aouto direction, it may be used as a 
r^erence to determine bearii^s around it. 

MISSILE AIRFRAME.«The airframe of toe 
ihisafle must be used for certain references. 
For example, toe movement of flight contrcA 
wrtacea cannot be referenced to toe vertical, 
or to a given headtag, because socb references 
cfaaaire aatoemiasfleaxea«hai«a« Dierefbre, 
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movement of flight surfaces are referenced to the 
missile airframe. 

Synchro indicators can be used to indicate 
the angular position of control surface with 
respect to the mIssUe airframe. A potentiom- 
eter can be used In the same way by mounting 
It on the missile airframe so that Its shaft 
wlU be driven by the flight control surface 
movements. 



SENSOR UNITS 



GENERAL 



The sensor unit In a guided missile control 
system Is a device used to detect deviation 
from the desired attitude. In this section, we 
will discuss the use of gyroscopes, altimeters, 
and transducers as sensing units. Gyroscopes 
are generally considered to be the basic sen- 
sor unit In any mlssUe control system. Other 
types of sensors, such as altimeters and trans- 
ducers, are classed as secondary units. 

As mentioned above, the gyro Itself Is a 
physical reference unit; the plckoff Is the sensqr. 

GYROS 

One of the most important components of 
the missile control system is the gyroscope, or 
gyro. A g3rroscope contains an accurately 
balanced rotor that spins on a central axis. 

G3rros used for missile control applications 
are divided into classes: gyros used for stabi- 
lizing (control) purposes and gyroB used for 
both guidance and stabUization. If turns or 
other maneuvers are necessary, a third gyro 
Is required so that there will be one gyro for 
each sensing axis. 

A m in i mum of two g]rros Is necessary for 
mIssUe flight stabUisation. Each gyro sets up a 
fixed reference line from which deviations in 
missile pitch, roll, and yaw are detected and 
measured. 

These vertical and horisontal gyros are free 
gyros, tfnt is, each is mounted in two or mon 
ginAal rings Wg. 5-14A) so that its spinaxis is 
f^ee to maintain a fixed orientation in space. 

In addiUon to tbe control sigtals from tbe 
vertical and horizontal gyros, which are pro- 
portional to the d^tion of the ndssUe from 
the desired attitdde, a sIgnUOiatlsproportidfii 
totte rate of deviation is required for aeeorate 
S"*^.??! •n»oOi operation. A RATS GTRO. 
(fig. S«14B)fttftiiAMttMirateofdeviationslgiaL 



The basic difference between the free gyro 
and the rate gyro Is in the way they are 
mounted. Figure 5-148 shows a simplified view 
of a roll rate gyro. Notice that the rotor Is 
mounted In single gimbals rather than the two 
sets of gimbals which supported the free gyro. 
This arrangement restricts the freedom of the 
gyro rotor. When the missile rolls, the gyro 
mounting turns about the roll axis (arrow A), 
carrying the gyro rotor with It. This causes 
a force of precession at a right angle to the 
roll axis, vdilch causes the rotor to turn about 
the pitch axis (arrow B). 

Restraining springs may be attached to the 
gimbals as shown. The force ot the springs 
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would then be proportional to angular accelera- 
tion about the roll axis. 

Three rate gyros are normally installed in 
a missile to measure the accelerations about 
the three mutually perpendicular missile axes. 
When the input is torque and the output is pre- 
cession^ the gyro is called an integrating gyro. 
Tie restraining force is viscous damping in- 
stead of a spring restraint. It may be a her- 
metically sealed integrating gyro (HIG). Like a 
rate gyro, it has only a single degree of freedom. 
The restrainingforce is proportional tothe gyro 
precession rate instead of displacement. 

Basic Properties of Gyros 

Gyroscopes have two properties iwhich make 
them useful in serving as space references in 
guided missiles: 

1. The gyro rotor tends to remain in a 
fixed plane in space if no force is applied to It. 

2. The gyro rotor has a tendency to turn at 
a right angle to the direction of an outside 
force applied to it. 

INERTIA.— The idea of maintaia^ng a fixed 
plane in space is easy to show. When any object 
is spinning rq^idly it tends to keep its axis 
pointedinthesamedirection. A toy top is a good 
examine. As long as it is spinning UiBt^ it stays 
balanced on its point. It resists tiie tendency of 
gravity to change the direction of its spin axis. 

The resistance of the gyro against any force 
which tends to displace the rotor from its plane 
of rotation is called rigidity in space. It may 
also be called gyroscopic inertia. 

PRECESSION.--The second property of the 
gyro is that its spin axis has a tendency to turn 
at a rit^ angle to the direction of a force applied 
to it (fig. 5-15A). This characteristic of a gyro 
is the cause of precession. There are two types 
of gyro precession: REAL and APPARENT. 
Real precession is sometimes called INDUCED 
PRECESSION. 

DIRECTION OF GYROSCOPIC PRECES- 
SION.-- When a downward force is applied at 
point A^ the force is transferred throng pivot 
B (^. 5-15A). This force travels 90^ and 
causes downward movement at C. This move- 
ment at a right angle to the direction of the 
applied force is called PRECESSION. The force 
associated with this movement (also at ri^ 
aisles to ttie direction of the applied force) is 
called the FORCE OF PRECESSION. 

Figure 5*1SB iUnstrates the directioQ of 
preeessioit caused by tlie apidication of a fbrce 
tendli^ to turn the rotor out of its plane of 
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Figure 5-15.— Gyroscopic precession: A. Ap- 
plication of force; B. Direction of precession. 

rotation. In the figure, a weight is attached to 
ttie spin axis. This is in effect the same as 
applying a force at pointX. The resulting torqfxe 
tends to turn the rotor around axis CD. But due 
to the property of precession, the applied force 
will be transferred 90"* in ttie direction of rotor 
spin, causing the rotor to precess around axis 
AB. Thus, it may be seen that precession tends 
to rotate the spin axis toward the torque axis. 
This ^e of precession is called REAL pre- 
cession. 

A force applied to a gyro at its center of 
gravity does not tend to tilt the spin axis from 
its established position, and ttierefore does not 
cause precession. A spinning gyro canbe moved 
in any direction wtOiout precession, if its axis 
' can remain parallel to its original position in 
space. Therefore, flie gyro can measure only 
those movements (rf ttie missile Oat tend to tut 

or turn ttie gyro axis. 
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APPARENT PRECESSION.-A spinning gyro 
on the earth's surfoce wlU appear to tUt (or pre- 
cess) vlth the passage of time. Actually, the 
spin axis does not tilt vith relation to space; 
the apparent precession is due to the earth's 
rotation. Figure 5-16 shows the gyro at the 
equator ^th its spin axis horizontal at time 
0000. The earth Is rotating In the direction of 
ttie arrow and Is making one rev(flution in 24 
hours. An 6bserver in space would see that the 
spin axis always points to the same position hi 
space while the earth rotates. But to an 6b- 
server on earth, the sphi axis appears to tUt 
45 every 3 hours. This Is caUed APPARENT 
PRECESSION. 

In some missiles, apparent gyro precession, 
sometimes called apparent gyro rotation, ad- 
versely affects flights of long duration, unless 
some Und of compensation is used to keep the 
gyro hi a fixed relation to the earth's surfoce. 

The compensating mechanisms are gyro erection 
and slavin g circ uits. 

UNWANTED GYRO PRECESSION (DRIFT).. 
Once the gyros are sphming In their proper 
planes, they theoretically Aould remahi in their 
same relationdilps with space. Unfortunately 
there are certahi imperfections hi the gyro- 
scopes ^ch result in a drift avniy fWm the 
original planes of rotation. For example, 
even the slightest imperfecUon In thegyro rotor 
will cause some unwanted precession at high 
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Fignre 5.16.-Apparent gyroscopic precestfon. 



rotor speeds. Rotor and gimbal bearing friction 
Is actually the main cause of gyro drift. The 
problem of improved gyro stability has been 
approached with a view toward reducing this 
friction. 

The main cause of random drift in gyros is 
friction in the gimbal bearings. Energy Is lost 
whenever a gimbal rotates. The larger the mass 
of the gimbal, the greater the drift from this 
source. 

Erection Systems 

Some missiles are provided with compen- 
sathig mechanisms to keep the gyros in their 
proper reference frames. These mechanisms 
are a vertical gyro erection system, and hori- 
zontal g3rro slavhig systems. 

VERTICAL GYRO ERECTION.-A vertical 
gyro erection system consists of a precession 
sensor, the gyro, an amplifier, and a torque 
motor. This system represents one ofttiemany 
secondary servoloops ^dthin a guided missile. 
The precession sensor detects the deviation of 
ttie gyro rotor from Its proper plane of rotation. 
The resultant electrical signal Is amplified and 
then used to drive a torque motor which pre- 
cesses the gyro back to its proper plane. 

The precession sensor may consist of one 
of the pickoCTs described in this chapter. The 
varytag output of the plckoff will be determined 
^ mov ementof a pendulous wel^t suspended 
in the gyro houshig. The movement of the weight 
in seeking the local vertical results in corre- 
spondhig signals which would cause the gyro ro- 
tor to retain its proper plane of rotation. 

HORIZONTAL GYRO SLAVING SYSTEMS., 
fa some missiles, horizontal gyro slavii^ sys- 
tems are used to keep the horizontal gyro rotor 
aligned witti a specific magnetic headii« for a 
portion, or for the duration of a missile flight. 
This may be accomplished by the use of a flux 
valve-a unit that senses the earth's magnetic 
field. The flux valve consists of an exciting coU 
Md three pickoff coils wound on a metal core. 
The appUcatimi of flux valves In guidance sys-^ 
tems is discussed hi the next chapter. 

Improvemrats hi Gyros 

future 5-17 shows two types of improved 
gyros. 

isJY^fi^ UNIT.-A floated gyro unit 
(fig. 5.17A) is an example of flie progress that 
hur been nmde to the development of more 
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accurate gyros. In this gyro, thegyrohouslngis 
floated in a viscous dampii« fluid. Because of 
the floating action, glmbal bearing friction Is 
greaUy reduced. Thermostatically controlled 
heaters may be Included In the unit to maintain 
the damping fluid at proper viscosity. Another 
type of gyro uses a nonvlscous fluid. It Is known 
as a posltlon-lntegratlng gyro. It Is used ex- 
tensively to control stable platforms, 

AIR BEARING GYROS,-An air bearing gyro 
Is another example of a friction reductag device. 
The glmbal bearing shown In figure 5-17B Is 
mounted In such a way that a cushion of com- 
pressed air continuously flows around thebear- 
tag surfaces. Bearings using compressed air as 
a li&ricant are precision-machined so that the 
clearance at the bearing surfoce Is only about 
,002 Inch, When the air Is flowing around the 
bearing surfoce, friction Is practtcally negU- 
gti)le, Althou^ not shown to figure 5-17B, 
compressed air may also be ported to the spto 
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Figure 5«17,«-Ftlctlon-redaclng gyro units: 
A. nnated ^:^yro unit; B. Air brealbing gyro* 



axis bearings, thus Bilnimlzlrii friction at thes<* 
potots. Gases other than air may also be usert 
for this puxpose. 

Use of Gyros to Missiles 

While gyros have numerous applications to 
many types of equipment, machtoery, etc,, we 
will consider only their tise to missiles, 

FREE GYROS IN GUIDED BnSSILES,-To 
Illustrate how free gyros are used to detecting 
mlssUe attitude, let us first refer to figure 5-18, 
Suppose ttiat the design attitude of the missile Is 
horizontal, as shown to figure 5-18A, The gyro 
wlthto the missile has Its spto axis to the ver- 
tical plane, and Is mounted to gimbals to such a 
manner that a deviation tothe horizontal attitude 
of the missile would not physically affect the 
gyro, to other words, the missile body can roll 
around the gyro and the gyro wUl still matotato 
Its same position to space (fig. 5-1 8B), Note 
that the missile has rolled approximately 30 , 
but the gyro has rematoed s^le to space. If 
we could measure the angle between the rotor 
and a point on the mIssUe body we would know 
exactly how Ur the mIssUe deviated from the 
horizontal attitude. Having determtoed this, 
the control surfaces could then be positioned 
to return the missile to the horizontal. 

Actually, a nrin^"*""' of two free gyros Is 
required to keep track of pitch, roll, and yaw. 
The vertical gyro Justdescrlbedcanalsobeused 
to detect mIssUe pitch as shown to figure 5- 
18C, To detect yaw, a seccmd gyro Is used with 
Its spto axis to the horizontal plane and Its 
rotor to the vertical plane. Yaw will then be 
detected as shown to figure 5-18D, 

RATE GYROS,-The free gyros Just de« 
scribed provide a means of measuring the 
AMOUNT of roll, pitch, and yaw. The free 
gyros therefore can b6 used to develop signals, 
which are proportional to the amount of roll, 
pitch, and yaw. Due to the momentum of a mls- 
sUe to responding to free gyro signals, large 
overcorrections would result unless there were 
some means of determining how fasttheangular 
movement Is occurring. For example, suppose 
ttiat a correction sigiml Ui generated which Is 
proportional to an error of 10*to ihe left of the 
proper headh«. The control surfaces are auto- 
matleaUy posttloned to bring the miscrtle to the 
right« The mlMlle responds by coming rlglit. 
But because of its momentum It will pass the 
correct heading and Introduce an error to ttie 
ri^ To provide correction signals that take 
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momentum of the missUe into account, rate gyros 
are used. These gyros continuously determine 
angiOar accelerations about themlssUeaxes.By 
combining free gyro signals with rate signals 
from the rate gyros, the tendency to overcorrect 
is minimized and a better degree of stabUlty Is 
(ftteined. The rate gyro actually provides a 
refinement or damping effect to the correctiw 
process. Without rate gyros, a mlssUe would 
overcorrect constantly. 

A rate gyro (fig. 5-14B)suppllestherate-of- 
^ """e rate gyro Is free to rotate 

about only one axis. Ayawrategyro is mounted 
with Its spin axis parallel to the mIssUe line of 
night. A roU rate gyro is mounted so that its 
spta axis is paraUel to the pitch axis, at right 
angles to the line of flight. A pitch rate gyrols 
mounted with Its spin axis paraUel to the yaw 
Mis of the missile and at right angles to the line 
of flight. 

Pickoff Systems 

A "pickoff" Is a device that receives eneray 
from the sensors and transmits this energy 
elUier to the same form or to another form, to a 
point where Itlsputtopractlcaluse. Most of the 
plckofls used to guided missiles are electrical 
devices. In addition to transmlttii« energy 
from the sensors, they are also used to measure 
outputs of physical references, such as gyros. In 
this second respect, the pickoff s themselves act 
as sensors. The gyro rotor to Itself camot de- 
termine missUe attitude information. Pickoffs 
must be used to conjunction with free and rate 
g^s to determtoe missUe attitude information. 
The gyros todlcate the Itoear and ai«ular dis- 
placement; the pickoff must be able to measure 
the amplitude and direction of the displacement 
and produce a signal that represents both 
quantities. 

ALTIMETERS 

To ensure that missUes stay withta pre- 
scribed height limits or perform functions at 
specified altitudes, devices called altimeters 
may be used. Two basic types of alttmeters 
are pressure altimeters and absolute altimeters 
(radar altimeters). 

Pressure Altimeters 

Presmre altimeters are simply mechanical 
aneroid barometers. The aneroid barometer 
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consists of a small, beUows-like airttght 
chamber from ¥)hlch most of the air has been 
removed. Atmospheric pressure (which varies 
with altitude) works to collapse the chamber 
against spring pressure. As altitude Increases, 
the compression effect decreases. The slight 
motion of the spring Is magnified through link- 
ages or detected by plckolfs. The resulting 
signals may be used to precess the pitch gyro, 
or they may be converted directly Into control 
surface movement via the mlssUe computer net- 
work. Unfortunately, variations In pressure with 
altitude are not always exactly constant, thereby 
requiring the use of a standard rate of change of 
pressure with altitude. This rate Is referredto 
as the "standard pressure lapse rate." For any 
change of pressure, the altimeter Is calibrated 
so that Its output Is proportional to the change 
of altitude In accordance with the standard 
pressure lapse rate. 

Altimeter Cell 

An altimeter cell also detects changes In 
altitude and converts this Information Into an 
electrical signal. The unit consists of a fila- 
ment of fine platinum wire, heated by an elec- 
tric current and enclosed in a vented envelope. 
The vent Is always connected to a static pres- 
sure line. When the altitude or static pressure 
changes, the rate at which the filament can 
release Its heat changes, and the temperature 
and resistance of the filament also change. This 
characteristic is utUized by connecting the 
filament as an arm in a "Wheatstone bridge. 
Usually two cells are placed in the bridge as 
shown In figure 5-19. One celLls vented and one 
sealed In order to cbmpensate for. surrounding 
temperature changes. The signal output of the 
bridge is proportional only to pressure changes 



since both cdls change with temperature whUe 
only one changes with pressure. 

An altimeter cell measures altitudes ashlgh 
as 500,000 feet. This wide range gives the ceU 
an advantage over a mechanical aneroid. 

Absolute (Radar) Altimeters 

Radar altimeters are used to measure ab- 
solute altltude-the distance between the missile 
and the terrain beneath It rather than above sea 
level. It measures the time required for a radar 
pulse to reach the ground, be reflected, and 
return. Since the operation does not depend on 
atmospheric data, the radar altimeter is free 
from some of the disadvantages of the baro- 
metric types. One type of radar altimeter is 
the continuous- wave (c-w) frequency- m( dulated 
(f-m) altimeter. 

In the c-w system, ,the transmitted micro- 
wave signal is varied regularly in frequency in 
accordance with a sawtooth modulating voltage. 
The slgiua is directed toward the ground where a 
portion of it is reflected back to the receiving 
antenna. The echo wave is compared in the 
receiver with the instantaneous output frequency 
of the transmitter. An Interval of time passes 
between the moment the signal is transmitted 
and its arrival by reflection at the receiver. 
This time interval is directly proportional to 
the altitude of the missUe. During this same 
time Interval, the transmitted frequency has 
been Intentionally varied. By comparing the 
new transmitted frequency with the echo fre- 
quency, adllference frequency or time lag is ob- 
tained trtilch is proportional to the elsqpsedtime 
Interval and to the altitude of the missile. 




Figure 5-10.— Altimeter c^. 
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AIRSPEED TRANSDUCERS 

Speed measuring devices are used in some 
missUes to cause specified functions to occur 
during flight. One of these devices shown in 
figure 5-20 is called an airspeed transducer. 
Its principle of operation is similar to that of 
the aneroid barometer Just discussed. A trans- 
ducer is a device ^ich is operated by power 
4from one source and supplies power to another 
'device in the same or a different form. In most 
missUe applications, a transducer is used to 
change mechanical motion to an electrical volt- 
age. , The rim air pressure experienced by the 
missUe in the atmosphere is transmitted to the 
bellows and converted to an dectrical signal 
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Figure 5-20.-Alrspeed transducer. 
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through a bridge type electrical circuit (fig. 5- 
20) the output signal wlU vary with the ram air 
j^essure, i^ich is proportionalto missile speed. 
Other types of electrical pickofts also may be 
used to convertbellows movement into electrical 
information. 

Another type of speed measuring device de- 
pends on the transmission and reception of r-f 
energy, and is similar in principle to the radar 
altimeter; A slight shift in frequency of the 
transmitted energy provides a bastS ODoppler 
effect) for electronicaUy determining missUe 
speed. The uqe of Doppler radar wlU be dis- 
cussed in some detail in a later chapter of this 
course. 

PICBDFFS 

Pickoffs, briefly described in connection 
with gyros, are important in the missile control 
system because they produce signals from the 
intelligence desaloped by a sensor unit. The 
signal must be one ihat is suitable for use in the 
control system. The pickoff must be able to 
determine the direction of displacement and then 
produce a signal that Indicates the direction. In 
electrical systems the Indication may be apbase. 
polarity, or voWage difference. 

The ideal pickoff should have a consider- 
able change In output for a small movement of 
the pickoff. It should also have minimum 
torque OF frictiqn loss since these losses 
would be reflected to the sensor element and 
affect its operation. Small physical dimen- 
sions and. lljfht, weight are additional requ|re<i, 
ments. The null pldirit (no output) should bl^ 
sharply deiflned. 

Electrical pickbffs are extremely sensitive 
and reflect little torque back to the sensor or 
reference unit. It is primariiy theaie qualities 



^ich make them useful in guided missiles. 
The most common types of electrical pickoff s 
are: 

1. Reluctance pickofts 

2. Potentiometer pickofts 

3. Synchro pickofts 

4. Capacitance pickofts 

VARIABLE RELUCTANCE PICKOFFS 

Figure 5-21 shows an internally operated 
variable reluctance pickoff which may be used 
with, a rate gyro. The pickoff consists of an 
E-shaped metal block with colls wound around 
its ends and a permanent magnet located in the 
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Figure 5- 21. Internally operated 
reluctance pickoff. 
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center. The gyro rotor is made of ferrous 
metal and has brass strips spaced around Its 
periphery. The permanent magnet causes a 
magnetic flux to be established. The spinning 
rotor causes regular variations in flux density. 
As a result, an a-c voltage component Is Induced 
In the two colls. When there Is no precession the 
air gaps are equal and the a-c components can- 
cel one another. When the gyro precesses be- 
cause of an angular acceleration, the air gap Is 
Increased at one end and decreased atthe other. 
This change in the air gaps causes different volt- 
ages to be induced In the two colls. The dif- 
ference between the two voltages Is proportional 
to the angular acceleratlon.After being rectified 
and filtered, the resultant d-c voltage Is the rate 
signal. The output sense (direction of deviation) 
is indicated by positive or negative polarity. 

EXTERNALLY OPERATED 
RELUCTANCE PICKOFF 

The externally operated reluctance plckoff 
most commonly used In guided missiles Is usu- 
ally referred to as a differential transformer. 
This plckoff, shown In figure 5-22 consists of a 
laminated steel rotor attached by a shaft to the 
rate gyro glnibal. Two E- shaped laminated 
steel cores are attached to the gyro moimting. 
Around the outer legs of each of the cores Is 
a primary winding connected In series op- 
position. There Is a secondary winding (pick- 
off coU) around the caiter leg of each core. 



When the rotor Is in the position shown In 
figure S-22A, the flux lines from the excitation 
windings cutting the secoKlary are equal and 
180*" out of phase. In this ccxidltlon, no volt- 
age Is induced In the secondary windings. 

When the gyro precesses because of angular 
acceleration, the rotor turns because It Is 
directly coupled to the gyro glnibal. In figure 
S-22B, one end of the rotor Is shown displaced 
to the left. This displacement of the rotor de- 
creases the reluctance tothe magnetic flux In the 
left leg and Increases the reluctance In the right 
leg. This results in more flux lines from the 
left primary cutting the secondary winding. Thus 
an a-c output Is Induced In the secondary winding. 
This voltage Is 180'' out of phase with the a-c 
excitation voltage. The output voltage Is pro- 
portional to the displacement of the rotor. Dis- 
placement of the rotor to the right will have an 
opposite effectandanln-phaseoutputvoltagewUl 
result. 

This plckoff has many applications in guided 
missiles in addition to serving as a rate gyro 
plckoff. 

POTENTIOMETER PICKOFFS 

A potentiometer Is a device for translating 
a quantitative motion (angular or linear) Into 
a proportional electrical resistance. It meas- 
ures by comparing the difference between the 
known and the unknown electrical potentials. 
Figure 5-23 shows the principle of the potentiom- 
eter plckoff. The circuit shown in the figure Is 
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Figure 5- 22.-ExternaUy operated reluctance plckoff: 
A. Balanced condltlon-no output; B. Rotor displaced to left, causing output. 
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referred to as a bridge circuit. When the wiper 
arm is at C, there will be no output (cq^^) 

since the input (E^pplied) Placed across 
equal resistors. Now, if the wiper arm is moved 
to C the output wUl be proportional to the dis- 
placement of the arm due to an imbalance in 
resistance in the line AB. 

Potentiometer pickoffs consist of wire- wound 
resistors and movable sliding contacts (fig. 
5-24A). The resistance wire is wound on a strip 
which is bent in the shape of a cylinder. 
The wire and strip together are referred to as 
the resistance card. The wiper arm can be 
positioned at any point around the circum- 
ference of the card. 

The position of the moving arm determines 
the amount of vOltage, but it is also possible to 
use the variation in resistance as the control 
medium. If the shaft of the potentiometer is 
mechanically connected to the sensor, the output 
voltage wUl vary according to the moving arm 
displacement. With the wire- wound method of 
construction however the output of the poten- 
tiometer does not change smoothly as the wiper 
arm is moved. Instead, the output voltage 
changes in jumps, each Jump being proportional 
to the distance between adjacent turns of wire 
and the voltage drop across each turn. A poten- 
tiometer having 1,000 turns of wire is said to 
have a resolution of 1 part in 1,000 or a resolu- 
tion of .1 percent. To improve resolution, the 
resistance wire is sometimes wound in a helix 
as shown in figure 5-24B. 

A potentiometer wound in this manner is 
known as a helipbt. The wiper arm shown ih^ 
the figure would make ten turns around the 
circumference of the card to cover the entire 
v<dtage range* The advantage is in the fact 
that the wiper arm maintains continuoua contact 
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Figure 5-24.-^Potentiometers: A. Wire wound 
potentiometer; B, Helipot; C. Potentiometer 
pickoff used with a free gyro. 

with the resistance wire, thus eliminating the 
Jumpy output inherent in the conventional po- 
tentiometer. Figure 5-240 shows a potentiom- 
eter pickofl used with a free gyro. 
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SYNCHRO PICKOFF AND 
CONTROL TRANSFORMERS 

The term synchro is applied to a group of 
devices used for transmitting either angular 
data or torques of fkirly small magnitude with- 
out the use of a mechanical linkage. The sim- 
plest synchro system contains a transmitter 
which is electrically connected to a receiver. 
The transmitter is a transformer with a rotata- 
ble primary that converts a mechanical input 
into an electrical signal, and transmits the sig- 
nal to the receiver. The synchro receiver 
receives the signal and converts it into a me- 
chanical oirtput. If the rotor of the synchro 
transmitter is coupled to a sensor or reference, 
the movement of the reference will cause a 
corresponding movement of the transmitter ro- 
tor. Due to the electrical connection of the re- 
ceiver, its rotor will move in exact correspond- 
ence to the motions of the transmitter rotor. 

Unlike the combination described above, the 
synchro control transformer is used to produce 
a voltage proportional to the movement of the 
synchro transmitter rotor, rather than an an- 
gular movement. Such a voltage may be am- 
plified and then used to power other units within 
a control system. 

Synchro pickoffs are sometimes called sel- 
syns, autosyns, or microsyns. 

The fundamental types of synchro units and 
their principles of operation are (Jlscussed in 
Basic Electricity , NavPers 10086.A. 

CAPACITANC3 PICKOFF 

As shown in figure 5-2S capacitance pickoff 
is composed of two outer plates that are fixed in 
position. A movable plate is centered between 
the two fixed plates and connected to the sensor. 
The capacitance between the center plate and the 
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Figure 5-25. -f^Oapacitance pickoff. 



two outside plates is equal when there is no out- 
put from the sensor. If, however, a signal from 
the sensor causes the center plate to move 
toward the bottom plate, the capacitance between 
these two plates will increase and the capacitance 
between the top plate and the center plate 
will decrease. 

This changein capacitance canbeusedtovary 

the tuning of an oscillator. The change in oscil- 
lator frequency is then used for sense control. 
This type of pickoff is the most sensitive of 
all, since a very slight change in plate spacing 
will cause a large change in frequency. 

The electrical pickoffs just described are 
common to many guided missiles. Other types 
and variations of those described will be cov- 
ered in later chapters with the equipments with 
which they are associated. 

PICKOFFS AND FREE AND RATE 
GYRO SIGNALS 

Not that you have a basic understanding of 
some of the pickoffs used In guided missiles, 
let us see how signals from the free gyros and 
signals from the rate gyros are coniblned to 
form resultant signals. 

When a missile experiences an unwanted 
angular acceleration, the rate signal Is combined 
with the free gyro signal In such a way as 
to return the missile smoothly to Its desired 
attitude. For example, assume that the pre- 
scribed attitude of a missile Is horizontal, and 
that an outside force causes the missile to roll 
In a clockwise direction. Figure 5-26A shows 
the roll rate gyro signal and the roll free gyro 
signal during a period of 40* clockwise roll and 
return to proper attitude. At time Tg there Is no 
output from either the rate gyro or the free 
gyro, because the missile Is not rolling and Is 
In the proper attitude. As the missile begins 
to roll, the roll rate signal Increases until the 
missile roll rate becomes steady, at which time 
(T|) the rate signal reaches a constant level. 
Nate that the roll rate signal always opposes 
roll movement of the missile. The free gyro 
signal continues to Increase as long as the 
missile Is rolling from Its proper attitude. 
At time T2, the control surfaces begin to slow 
the mlsslle*s roll and the rate signal begins 
to drop oft. The missile Is still rolling, 
but at. a slower rate, between T2 and T3. 
The roll free gyro signal continues to In- 
crease until a maximum roll of 40* Is reached 
at T3, at vrtilch time the rate signal Is zero. 
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The missile now begins to roll back to the de- 
sired attitude. Between times T3 and T4, 
the roU free gyro signal decreases, whUe 
the rate signal increases in the opposite di- 
rection. At time T4, the signals cancel each 
other and have caused the control surfaces to 
return to neutral. After T4, the rate signal 
is greater than the roll free signal and causes 
the control surfaces to be actuated inopposition 
to the direction of missile movement. This 
action continues until the missile is stabilized 
at the prescribed attitude. 

By opposing the free gyro signal during 
the roll back to the horizontal attitude, the 
rate signal can be said to be anticipating the 
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Figure 5-26.-Gyro signals conlbined to correct 
missile attitude: A. Roll free gyro and roll 
rate gyro signals; B. Resultant signal and 
coEitrol surface movement. 



return to correct attitude. It is this opposing 
or damping feature vrtiich prevents the over- 
correcting effects yiiich would occur if only a 
free gyro were used. 

The free and rate signals are continuously 
led by their pickofte to a summing circuit in 
the missile counter network. Here they are 
combined to form the resultant shown in figure 
5-26B. 

The dotted line In figure S-26B represents 
control surface movement during the entire 
period of roll. 

Although the actions described above apply 
to missile roll caused by an outside force, the 
same actions are applicable to pitch and yaw 
caused by outside forces. 

The block diagram of the missile control 
system in figure 5-27 includes the gyros and 
pickoffs covered In this chapter. 



COMPUTING DEVICES 



GENERAL 



Computers appear in missile systems In a 
variety of forms, the computer may be a sim- 
ple mixing circuit In a missile, or It may be 
a large console type unit suitable for use at 
ground Installations or on shipboard. 

We have shown that sensor units detect 
errors in pitch, roll, and yaw, and that a ref- 
erence unit furnishes a signal for comparison 
with the sensor output. 

Although the sensor output represents an 
error to be corrected, it Is seldom used to 
operate control surfaces directly. It must 
be changed to include additional information, 
and then amplified in order to operate the con- 
trols. These operations are represented by 
the block labeled ''computer'* (fig. 5-1). The 
conq;>uter section Is normally composed of 
mixers, integrators, and rate components. 

The large volume of information to be proc- 
essed, and the brief time available to handle It, 
make the use of high-speed data processing 
equipment essential in modern weapon systems. 
Data processinjg equipment Is a group of de- 
vices, each capable of performing a mathe- 
matical operation on data furnished to It, and 
of productag results in usable form. The term 
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Figure 5.27.-MlssUe control system showing gyros and plckolfs. 
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mathematical operation" includes not only 
such obvious processes as multiplication and 
addition, but includes analytic, arithmetic, and 
logic operations. It excludes such processes 
as judgment, induction, conjecture, and 
generalization— a computer cannot think. 

The term "computer" refers to the data 
processing device that is capable of differ^ 
entlatlng between data received. Other parts 
of the data processing equipment may translate 
data f^m one form to another, store data, or 
produce data firom stored information on de- 
mand* 

Computers produce answers In numerical 
form for staUsUcians, or In physical form 
for use in fire control systems and Industrial 
control equipment. By physical form we mean 
voltages or shaft and gear revolutlcms* Because 
computers can qulcUy solve simultaneous equa- 
tions, they can be used to direct gunfire or 
missUes against fast- moving enemy aircraft 



or missiles. Computers are also used against 
surface, underwater, and shore targets. Com^ 
puters within the missiles operate on the same 
principles as those in the weapon system. 

FUNCTION AND REQUIREMENTS 

One important function of a computer Is the 
coding and decoding of information relating to 
the missile trajectory. It Is necessary to code 
and decode control Information in order to off- 
set enemy countermeasures and to permit con- 
trol of more than one missile at the same time. 

Another function of the computer Is the 
mixing of signals from sensor and reference 
units to produce error signals. Figures 5-1 and 
6-9 show. In block form, how the computer Is 
linked with other sections of the con«)lete 
system. The signals from the sensor and 
reference units may be mixed In a preset 
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ratio, or they may be mixed according to pro- 
grammed instructions. 

The error signals produced by mixing are 
amplified and passed to the control actuating 
system and the foUowup section. The output 
of the followup section is then fed back to the 
J°™P"*er 'or reprocessing. The purpose of 
feedback is to reduce overcontrol that would 
cause the missUe to osciUate about the desired 
attitude. 

The computer section may also compare two 
or more voltages to produce error signals. 
For this purpose, voltage or phase comparator 
circuits are added. The synchro units dis- 
cussed In the previous section are used in 
computers to convert signal voltages into forms 
that are better suited for processing. 

Airborne computers are generally classl- 
according to the phase of mlssUe flight In 
which they are used. The computers may be 
separate units or they may be conibinatlons of 
prelaunch, launch, azimuth, elevation, program, 
and dive-angle computers. 

TYPES OF COMPUTERS 

Computers are classified according to pur- 
*° general or spectol, and according to 
whether they use analog or digital principles. 
Computers used in weapons systems are de- 
signed specifically to solve problems arising 
in weapons systems, and therefore are usually 
special purpose computers. They occur in a 
wide variety of forms and may have little in 
common with each other. WhUe general pur- 
pose computers are used to solve problems 
directly related to weapons systems, most 
computers that are part of a weapons system 
are special purpose, connected to solve a 
particular pr6blem, or a small number of 
problems. A baUistic missUe guidance com- 
puter, for example, wlU solve only the equa- 
tion for a balllatic trajectory, but can be made 
to guide the mlssUe to any target within range. 

Analog and Digital Computers 

The two basic types of computers-analog ' 
and digital-may be combined to form a hyblrd 
computer with both analog and digital charac- 
teristics. : 

The technique used to determine the mag- 
nitude of tt»e Variable is different in the two 
types. The analog device wlU continuously 
measure a changing variable; It recognizes a 
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variable as a whole quantity, such as displace- 
ment of a potater, rotation of a shaft, and volt- 
age of a circuit. 

-4 method is a counting method. The 

digital device recognizes quantity as a number 
of basic units: number of days, number of 
ohms, etc. 

Analog computers can be used In weapons 
systems ^»1ierever problems of calculations 
from conttauous data, simulation, or control 
are encountered. In target detection and track- 
ing, analog computers are used to direct search 
radars and tracking devices, store data on 
target location and velocity, and predict future 
target motion. The calculations necessary to di- 
rect weapons launchers, and actuaUy control 
launchers and mlssUes are performed by com- 
puters. In addition to actual operation of 
weapons, analog computers are used to sim- 
ulate targets for training purposes, and eval- 
uate the performance of the weapons systems 
In engaging the simulated targets. 

A digital computer also can solve problems, 
but does it quite dlfferenUy. The actual num- 
bers are used; it performs simple arithmetic 
on them and produces the answer in the form of 
Individual digits. 

Basically, the analog computer deals with 
a continuous system, while the digital computer 
works with discrete numbers. While the analog 
computer is faster than the digital, it is much 
less accurate. 

Also, the digital computer can only give 
the answer to one specific arithmetic problem 
at a time, but the analog computer can present 
the overaU picture of an entire system. 

The functions of the digital computer to the 
Unproved Mlnuteman missile include preflight 
testing, countdown, staging, and control of 
penetration aids such as decoys or radar chaff 
in addition to flight-path control. ' 

Computers may solve the pr6blemby elec- 
trical means, using voltages and current; elec- 
tromechanical, using voltages and shaft po- 
sitions; and mechanical, using angular rotations 
Of shafts and linear movements of shafts and 
llntages. There are many electronic devices 
in digital computer circuits. Relays may be 
open or closed; diodes p/ass current in one di- 
rection but not the other; vacuum tubes and 
transistors may be conducting or nonconducting; 
magnetic cores may be magnetized clockwise 
or counterclockwise. In addition, a variety 
of exotic devices with unique characteristics 
nave been applied to digital circuits: cryotron 
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magnetic fUm, tunnel diode, twistor, and aper- 
tured plate. To describe the functioning of 
each of these would require a volume in Itself. 
Refer to Principles of Naval Ordnance and 
Gunnery . NavPers 107fi5-A, for more informa- 
tion on digital and analog computers. 

We will describe the computer elements 
according to the general type of function they 
perform. These types were briefly describe! 
at the beginning of this chapter as BffiCERS, 
INTEGRATORS, and RATE COMPONENTS. 

Mixers 



A mixer is baslcaUy a circuit or device that 
con*ines information fromtwo or more sources. 
In order to function correctly, the mixer must 
con*ine the signals that are fed to it in the 
proper PROPORTION, SENSE, and AMPLI- 
TUDE* 

The type of mixer used will depend mostly 
on tiie type of control system. Most systems 
use electronic mixers. However, mixers may 
also use mechanical, pneumatic, or hydraulic 
principles. 

Electronic mixers may use a vacuum tuoe 
as a mixing device. It Is also possible to use a 
network composed of Inductors, capacitors, 
and resistors for mixing. Regardless of the 
type of mixer, the signals to be combined are 
represented by the amplitude and phase of the 
input voltages. Voltages from such sources 
as plctoffs, rate components, integrators, fol- 
lowup generators, and guidance sources may 
be conibined by the mixer section to form 
control signals. 

Mechanical mixers consisting of shafts, 
levers, and gears can also be used to com- 
bine information. Another mechanical mixer 
uses gears to combine position or angular 
velocity information. The gear arrangement Is 
similar to that of an automobile rear axle dif- 
ferential. If the input shafts contain position 
Information, they wiU move slowly andmaintoin 
approjlmately the same average position. The 
position of the output shaft constantly indicates 
the difference between the two shaft positions. 
If the information Is ; represented by the s<)eed 
of the shaft rotation, the angular velocity of the 
output shaft represents the difference between 
the two input shaft speeds.. \. \^ 

It is possible to arrange the input cAafts so 
that the output represents the sum of the inputs 
rather than the difference. Weighting factors 



can be controlled by changing the gear ratios 
in the differential. ] 

Sometimes information Is transferred 
through air or hydraulic tubes. The signals 
are created by varying the pressure inside the 
tube. Two signals can be combined by Joining 
two tubes into one. 

Integrators 

An Integrator performs a mathematical op- 
eration on an Input signal. The tategral of a 
constant signal is proportional to the amplitude 
multiplied by the tUne the signal is present. 
Assume that the integrator output is four volts 
when the duration o£ the constant Input signal is 
one minute. Then, if the same input signal had 
lasted for one-half minute, the output would have 

been two volts. , , i ^ 

But, an actual mlssUe error signal is not 
constant, as we assumed In the above example. 
The amplitude and sense of the error change 
continuously. The integrator output is pro- 
portional to the product of the operating time 
and the average error during that time. Should 
the sense of the error change during the inte- 
gration period, a signal of opposite sense would 
cause the ftaal output of the integrator to de- 
crease. The integrator can be considered as 
a continuous computer, since it is always pro- 
ductag a voltage that Is proportional to the 
product of the average input voltage and time. 
Therefore, the Integration of an error with re- 
spect to time jrepresents an accumulation of 
Intervals of time and errors over a specified 

period. ' 

Any Integrator has a time lag effect. 
Although the Input signal goes from zero 
to maximum with zero time lag, there is no 
output at that Instant. Time Is required before 
the output reaches an appreciable amplitude. 
Approximately the same lesfeth of time Is re- 
quired for the output amplitude to drop to zero 
after the input pulse ends. The additive effect 
of two successive negative pulses Is made 
possible by the time lag, and Is used to give 
more precise control action. 

The output signal from the integrator is 
used to support the proportional error signal, 
;o make sure that enough correction willalways 
le made by the control system. 

Keep in mind that the degree of control ex- 
erted by a pure proportional (unamplifled) sig- 
nal is limited. Overcontrd, or undercontrol 
causes excessive movement of the mIssUe about 
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^Ll!!?®**, trajectory. There are times when 
proportional control alone is not enough to 
overcome a strong, steady force that is caus- 
ing the missUe to deviate from the Correct 
path. In a case of this kind, the proportional 
error signal wm have a stead/ Smponent 
that affects the integrator. The error signal 
sense remains constant, so that the integrator 
output increases with time. This output in- 
crease reinforces the proportional signal untU 
correction of the flight path takes place. 

Integration may be performed by a motor, 
the speed of which is proportional to the amp- 
litude (rf the input signal. The motor drives 
a pickoff, and the distance the pickoff moves 
is proportional to the integral of the input 
signal. 

The direction of motor rotation wiU de- 
Pena on the polarity or phase of the input sig- 
nal. The amplitude of the error signal varies 
irregularly; the sense of the signal may re- 
verse, causing reversal of the motor rotation. 

Other types of integraters use ball-and-disk 
mechanical arrangement, resistance-capacit- 



ance (RC) circuits, resistance-inductance (RI) 
circuits. Mid thermal devices. The ball-and-disk 
type (fig. 5-28A) is the oldest type of integrSor 
still in use in missUes. A more sophisticated 
integrating circuit is shown in figure 5-28B. It 
Adds an amplifier to a simple resistor-capacitor 
circuit. The resistor (R) produces the propor- 
tional current from the input signal voltage. 
The capacitor (C) voltage is the integrator out- 
put. The use of a high gain feedback ampli- 
fier produces more accurate results. 

Rate Systems 

tfimTlSl?^*® ^ control sys- 

tem should produce an output signalproportiottl 

amputuS!^'^ '''''''^'^ °' ^P"* '"^^ 

The time lag present'in integrator circuits 
makes rate circuit necessary. MissUe devia- 
tion cannot be corrected instantly, because the 
control system must first detect an error be- 
fore it can begin to operate. 
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A. Ball-and-disc Integrator; B. Integrating amplifier circuit and symbol. 
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The Ideal control system would have zero 
time lag, thus permitting zero deviation dur- 
ing the missile night. Control surfaces are 
designed to correct missile flight deviations 
rapidly. The control surfaces are moved 
rapidly by actuators, which are operated by 
amplified error signals. But it Is possible 
to have a signal so large that the missile Is 
driven beyond the desired attitude, and an error 
occurs in the opposite direction. This error 
drives the missile back in the first direction. 
The end result Is a series of swings back and 
forth across the desired trajectory. 

These unwanted swings are known as os- 
cillation (or hunting) and the addition of a rate 
signal has the effect of damping (retarding) 
the oscillation. The amount of damping may 
be classed as CRITICAL, UNDERDAMPING, 
or OVERDAMPING. The function of damping 
Is to reduce the amplitude and duration of these 
oscillations. 

The simplest form of damping is viscous 
damping. Viscous damping Is the application of 
friction, to the output shaft or load, that Is 
proportional to' the output velocity. This type 
of damper absorbs power from the system 
and slows up Its response. You will find vis- 
cous damping slows up its response. . You will 
find viscous damping used on servos in the older 
computers. 

Damping of servos in the newer computers 
is provided by the rate generators. This method 
of damping, sometimes called error- rate damp- 
ing, overcomes the disadvantages of viscous 
damping. By combining the rate signal and the 
error signal, the system can be made to re- 
spond to a constant error. It is also possible 
to combine an attitude rate signal with a 
guidance signal. 

Perhaps the most common method of pro- 
ducing a rate signal is by using a separate 
sensor unit, such as a rate gyro. The gyro 
displacement Is detected by a plckoff, and the 
output of the plckoff Is the rate signal. 
^AMPLIFIERS 

An amplifier Is a device for increasing the 
magnitude of a quantity. There are many^npes 
of amplifiers and many uses for them. In 
electronics and electrical explications, three 
types widely used are vacuum tiibei translstori 
and magnetic amplifiers. The first two are dis- 
cussed in Basic Electricity^ NavPers 10087-A| 
and ttie last named Is described In Basic 
Electricity, NavPers 10086-A. 



PURPOSE 

Both POWER and VOLTAGE amplifiers are 
used in missUe control systems to build up a 
weak signal from a sensor so that it can be 
used to operate other sections of the control 
system. These sections normaUy require 
considerably more power or voltage than Is : 
available from the sensor. Most amplifiers 
use electronic tubes. Regardless of the method 
used, the prime purpose of an amplifier Is to 
build up a small sensor signal to a value great 
enough to operate the controls. 

OPERATING PRINCIPLES 

Some functions in missile control systems 
require a series of flat-topped pulses, c^ed 
square waves, at a definite frequency. It Is 
possible to convert other wave shapes to square 
-waves with vacuum tube amplifiers and clippers. 

It is also possible to accomplish the same 
result with an electromechanical device known 
as a chopper, or by a vibrator. 

Choppers 

A chopper Is usually an electromechanical 
switch designed to operate a fixed number of 
times per second, opening and closing the con- 
tacts periodically. FundamentaUy, a chopper 
serves as a suppressed carrier square-wave 
modulator. A cutaway view of a mechanical 
chopper Is shown in figure 5-29A. This unit 
has the coitacts arranged for single-pole double- 
throw switching, center OFF position. 

The contact arrangement Is shown near ' 
the bottom of the drawing. Leads are brought 
out separately from each of the two fixed con- 
tacts and the vibrating reetf to pins on the base. 
These pins are arranged so that the chopper 
can be plugged into a conventional radio tube | 
socket. In order to reduce operating noise, j 
the entire mechanism Is enclosed in a sponge j 
rubber cushion before It Is placed in the metal 
can. By using the chopper in connection with a j 
conventional transformer, amplification can be i 
obtained at the pulse frequency. j 

An electromagnet, driven by a source of 
^tet^natlng currenti sets a reed in vibration. 
The reed carries a moving contact that alter- 
nately* contacts one or the other of two fixed 
contacts in a signal circuit. Thus the signal is 
periodically interrupted. The permanent magnet 
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Figure 5-29.-A. Cutaway view of mechanical 
chopper. B. Chopper -stabilized d-c amplifier. 

Is incorporated In the pole structure of the coU 
so as to polarize the coll. Thea-c excitation of 
the coU alternately reinforces and reduces the 
magnetism supplied by the permanent magnet, so 
that the vibrating reed executes one oscillation 
for each oscillation of the applied voltage. The 
resonant frequency of the reed Is not made equal 
to the excitation frequency because then small 
changes In the exciting frequency would result 
in large phase shifts between the reed oscu- 
lations and the coU drive. A typical circuit Is 
shown in figure 6-29B. The d-c input voltage is 
modulated by one contact of the chopMr into an 
a-c voltage; This voltage Isamplifled Ina stand- 
ard a-c amplifier and Is thendemodulatedbythe 
other contact of the chopper. The signal is 
smoothed In a low-pass fUter to reconstruct as 
an amplified version of the original inputi 



The chief advantage of electromechanical 
choppers in their extremely lownolse and drift. 
They have been used successfully to amplify 
minute voltages such as those generated by 
thermocouples. 



BRASS PLATE Vlbrators 



A current can also be chopped electronically 
by passing it through a multivibrator or other 
switching circuit. A vibrator, an electro- 
mechanical device used primarily to convert 
direct current to alternating current but also 
used as a synchronous rectifier, Is closely re- 
lated to the chopper. There are two major classes 
of vibrators: Interrupters, in which the vibrator 
serves to interrupt, perlodlcaUy, the direct 
current Input, and synchronous vibrators In 
which the vibrator periodically Interrupts 'the 
Input, then synchronously rectifies the resulting 
alternating current. 

Vacuum Tube Choppers 

Vacuum tubes can be used as electronic 
choppers. Other amplifiers, known as saturable 
reactors, are used for a-c motor control. This 
type of amplifier may sometimes be used In 
combination with vacuum tubes. Neither the 
vacuum tube nor the transistor alone can 
function as an amplifier; each must be asso- 
ciated with appropriate Input, output, or blasUw 
circuits. 

Control systems In guided mlssUes make ex- 
tensive use of chopping, generaUy to change a 
direct current signal into an alternating current 
signal, which can be more readUy amplified. 

An autopilot amplifier receives signals from 
the outputs of the gyroscopic reference system 
and the rate gyroscopes, and converts the signals 
to a form usable for guidance of the actuator 
asseniblles. 

The use of amplifiers In the guidance system 
Is discussed In the next chapter. 



CONTROLLER UNITS 

The first part of this chapter discussed the 
purpose and function of control, the foctors con- 
trolled, methods of control, types of control 
action, and types of control systems. In this 
section we wiU discuss controUer units other 
than amplifiers. 



129 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



•■■ Id'- 

ERIC 



A controller unit in a mlssUe control system 
responds to an error signal from a sensor. In 
certain systems an amplUier which is furnish- 
ing power to a motor serves as acontrisUer. 

TYPES 

There are several types of controller xmits, 
and each type has some feature that makes it 
better suited for use in a particular missUe sys- 
tem. 

Solenoids 

A solenoid consists of a coil of wire wound 
around a nonmagnetic hollow tube^a moveable 
soft-lrou core is placed In the tube. When a 
magnetic field is created around the coil by 
current flow through the winding, the core wlU 
center Itself In the coll. This makes the solenoid 
useful In remote control applications, since the 
core can be mechanically connected to valve 
mechanisms, switch arms, and other regulating 
devices. Two solenoids can be arranged to give 
double action In certain applications. 

Transfer Valves 

Figure 5-30 shows an application in which 
two solenoids are used to operate a hydraulic 
transfer valve. The object Is to move the actu- 
ator which Is mechanlcaUy linked to a control 
surface or comparable device. 

The pressurized hydraulic fluid, after It 
leaves the accumulator. Is applied to the trans- 
fer valve shown In figure 5-30B. The valve Is 
automatically operated by the response of the 
solenoids to electrical signals generated by the 
missile computer network. '\, 

If solenoid #1 In the figure Is energized. It 
will cause the valve spool to move to the left. 
This wUl permit pressurized fluid to be ported 
to the right-hand side of the actuator and cause 
Its movement to the left. If solenoid #2 Is 
energized, the valve spool will move to the rlj^it, 
causing actuator movement to the right In the 
same manner. When neither coU Is energized, 
the valve is closed (fig. S-30A); 

The transfer valve Just described has one 
disadvantage In that It operates in an on-off 
manner. This means that it. provides positive 
movement of the control surfaces, either full 
up or full down, full right or fuU left. A finer 
control Is usually more desirable in missile 
systems. The* servovalve (fig. 5-31) . provides 
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Figure 5-30.-Transfervalve: A. Closed position 
(schematic); B. Hydraulic transfer valve and 
actuator. 

this control. With neither of the windings en- 
ergized (or a balanced current flowing through 
both), the magnetic reed Is centered as shown 
(fig. 5-31). In this condition, high pressure 
hydraulic fluid from the Input line cannot pass 
to the actuator since the center land of the spool 
valve blocks the Inlet port. The pressurized 
fluid flows through the alternate routes, through 
the two restrlctors (fixed orifice), passes 
through the two nozzles, and returns to the sump 
without causing any movement of the actuator. 
If the right-hand solenoid Is energized, the mag- 
netic reed will move to the right, blocking off the 
flow of high pressure fluid through the right- 
hand nozzle. Pressure will build up in the right 
pressure clfiimber. TMs will move the valve to 
,<the left. In moving left, the center land will open 
the high pressure inlet and permit fluid flow 
directiy to the right-hand side of the actuator. 
At the same time, the left-hand land of the spool 
will open the lowpressureretumllneandpermlt 
flow to the sump from the left-hand side of the 
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Figure 5-31.— Servovalve* 
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actuator. This process will cause actuator 
movement to the left. By energizing the left- 
hand solenoid, the reed will move to the left, and 
the entire process will be reversed, the actuator 
then being moved to the right. The actuator can 
be used to physically position a control surface. 

Relays 

Relays are used for remote control of heavy- 
current circuits. The rrtay coU maybe designed 
to operate on very small signal values, such as 
the output of a sensor. Thei relay contacts can be 
designed to carry heavy currents. 

Figure 5-32A shows a relay designed for con- 
trolling heavy load currents. When the coU is 
energized/ the armature is pulled down ugainst 
the core. This action pulls the mo^^ contact 
againrt the stationiEU7 contact, and cloiei the high 
current circuits The relay contacts will stay 
closed as long as the magnetic pull of the coil is 
strong enough to overcome the pull of the spring. 

> The relay Just described has a fixed core. 
Howeyer, some relays resend)le a solenoid in 
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Figure 5-32.— Some types of relays inmissiles: 
A. Low current relay; B. Air-actuated relay. 
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that part of the core Is a moveable plunger. The 
moving contacts are attached to the plunger, but 
are electrically insulated from it. 

Figure 5-32B shows a form of relay that can 
be used In a pneumatic control system. Two a^ 
pressure lines are connected to the air input 
ports. The relay operates when its arm is dis- 
placed by air pressure. A modlfieddesign of this 
type relay might be used in a hydraulic -electric 
system, in which case the diaphragm would be 
moved by hydraulic fluid pressure. 

Amplldyne 

An amplldyne can be used as a combined 
amplifier and controUer, since a small amount 
of power applied to Its input terminals controls 
many times that amount of power at the output. 
Figure 5-33 shows an amplldyne arrangement. 

The generator Is driven contlnously, at a 
constant speed, by the amplldyne drive motor. 
The generator has two control field windings 
that may be separately excited from an external 
source. When neither field winding Is excited, 
there Is no output from the generator, even 
'though it Is running. If foUows that no voltage 



Is then applied to the armature of the load drlv- 
ing motor. (The field winding of the motor Is 
constantly excited by a d-c voltage.) The am- 
plldyne generator amplifies a low-power signal 
(error signal) into one strong enough to move a 
heavy load. 

The control field windings of the generator 
are arranged so that the polarity of the exci- 
tation voltage from the sensor will determine 
the polarity of the generator output voltage. The 
generator output Is connected to the load driving 
motor armature through the latter' s commu- 
tator. Since the field of the motor Is constantly 
excited by a fixed polarity, the polarity of the 
voltage applied to the armature will rtetermlne 
the dlrecttai of armature rotation. 

Amplldynes have long been used In power 
drives for positioning guns and launchers, al- 
though none are used in current missiles. 

ACTUATOR UNITS 

The actuator unit Is the device that converts 
the error detected by the sensor Into mechanical 
motion to operate the appropriate control device 
that will correct the error or compensate for It. 
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Figure 5-33.— AmplldynjB. controller. 
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The actuator must be able to respond rapidly, 
with a minimum time lagbetween detection of ttie 
error and movement of the flight control sur- 
faces or other control device. At the same time, 
It must produce an output proportional to the 
error signal, and powerful enough to handle the 
load. Figure 5-30B shows a double-acting piston- 
type hydraulic actuator in which hydraulic fluid 
under pressure can be applied to either side of 
the piston. The piston is mechanicallyconnected 
to the load. 

PRINCIPAL TYPES 

Actuating units use one or more of three 
energy transfer methods: hydraulic, pneumatic, 
or electrical. Each of these has certain advan- 
tages, as well as certain design problems, men- 
tioned earlier In this chapter. Control devices 
make use of more than one method of energy 
transfer but are classified according to the major 
one used. Conibinatlons are hydraulic-electric 
and pneumatic-electric. Mechanical linkages are 
used to some extent by all of them. 

HYDRAUUC ACTUATORS 

Pascal's Law states that whenever a pres- 
sure Is applied to a confined liquid, that pres- 
sure Is transferred undiminished in all direc- 
tions throughout the liquid, regardless of the 
shape of the confining system. 

This principle has been used for years In 
such familiar applications as hydraulic door 
stops, hydraulic lifts at automdbUe service 
stations, hydraulic brakes, and automatic trans- 
missions. 

Generally, hydraulic transfer imlts are quite 
simple In design and construction. One advantage 
of a hydraulic system' is that it eliminates com- 
plex gear, lever, and pulley arrangements. Also, 
the reaction time of a hydratdlc system Is rela- 
tively short, because there is little slack or lost 
motion. A hydraulic system does, however, 
h;;ye a slight efficiency loss due to friction. 

Hydraulic-Electric Control Devices 

The hydraulic-electric method of actuating 
movable control surfaces (or movable jets, 
nozzles or vanes) has been used more than any 
other type of system. As previously mentioned, 
the most important .advantages of this type of 
system are the hi^ speed of response and the 



large forces available y«ien using hydraulic 
actuators. 

You have studied several of the components 
shown In the simplified block diagram of a 
hydraulic- electric controller (fig. 5-34). This 
system Is comprised of (1) a RESERVOIR v^lch 
contains the supply of hydraulic fluid, (2) a 
MOTOR and a PUMP to move the fluid through 
the system, (3)aREUEF VALVE to prevent ex- 
cessive pressures In the system, (4) an AC- 
CUMULATOR MAiich acts as an auxiliary storage 
space for fluid under pressure and as a damping 
mechanism which smooths out pressure surges 
within the system, and (5) a TRANSFER VALVE 
v«ilch controls the flow of fluid to the actuator. 

Most of these components of the system have 
been covered In the preceding pages. The theory 
of hydraulic piston displacement Is explained In 
mm Power, NavPers 16193-A and hydraulic 
pumps are also Illustrated and esqplalned. Pumps 
used In missile systems generally fall into two 
categories— gear and piston. They are usually 
driven by an electric motor within the missile. 

RESERVOIR.- The reservoir Is a storage 
compartment for hydraulic fluid. Fluid Is re- 
moved from the reservoir by the pump, and 
forced through the hydraulic system under pump 
pressure. After the fluid has done Its work. It 
is returned to the reservoir to be used again. 
The reservoir, called a sump, Is actually an 
open tank because of the atmospheric pressure 
inlets. 

VALVES.-The valves in the piston pump are 
of the flap type, which operate with very small 
changes in pressure. Another type of valve used 
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Figure 5-34.-Baslc hydraulic controller. 
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In hydraulic systems is the pressure relief 
valve. As its name implies, it isusedto prevent 
damage to fhe system by high pressures. Some 
combination systems used hydraulic pressure 
regxilating switches instead of pressure relief 
valves. 

A typical hydraulic rdief valve ccxisists of a 
metal housing with two ports. One port is ccn^ 
nected to the hydraulic pressure line and the 
other to the reservoir return line. The valve 
consists of a metal ball seated in a restricted 
section of the pressure line. The ball is held in 
place by a spring, the tension of which is ad^ 
Justed to the desired lifting pressure. This 
pressure is chosen so that it will be within the 
safe operating limits .of the system. 

Should the system pressure become greater 
than the spring pressure, the ball will be forced 



away from the opening, and fluid will flow into 
the port that leads to the reservoir return line. 
Thus the pressure can never exceed a safe limit; 
and, since the fluid is returned tothe reservoir, 
no fluid is lost. 

These valves, and others, are described and 
illustrated in Fluid Power . NavPers 16193.A. 
Transfer valves were described earlier in this 
chapter. 

ACCUMULATORS.-Accumulators are of 
three types as shown in figure 5-38. Part A of 
the figure shows the floating piston type, ccxi- 
sisttng of a metal cylinder ^ich is separated 
into two parts by a floating piston. The upper 
part of the cylinder ccxitains hydraulic fluid. 
Below the piston is an air chaniber which is 
charged with compressed air. The accumulator 
shown in figure S-35B is the diaphragm type 
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Figure 5-35.-Hydraullc accumulators: A. Floating piston type; 
B. Diaphragm type; C Bag type, cutaway view. 
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^Ich consists of two hemispherical sections 
separated by a flexible diaphragm. The upper 
chamber contains the hydraulic fluid and the 
lower chancer the compressed air charge. 

Although the construction of the accumulators 
is some^t different, they operate on the same 
principle. The air chandt>er is charged with com- 
pressed air to a pressure corresponding to the 
desired pressure, which is less than the line 
pressure of the hydraulic system. With the hydr- 
aulic line pressure higher thanthe air pressure 
hydraulic fluid will beforcedbadc into the uPPer 
comDartment. This fluid forces the diaphragm 
(or noatlng piston) down againstthe compressed 
aircharge, increasing the pressure until a work- 
ing pressure is reached. If the pressure oulxnit 
ol the pump should drop suddenly, the compress- 
ed air charge would force the diaphragm or pist- 
on upward, thereby malntainlngaconstant press- 
ure In the system. By buUding up air pressure 
to the accumulator, any pressure surges in the 
hydraulic system wlU be smoothed out, permitt- 
ing a smooth operation of the load. 

Air as the pressurizer is replaced with 
nitrogen for reasons of fire safety. The piston 
type of accumulator is being phased out. 

The third type, illustrated in figure 5-35C. 
is the bag type. The outside of the bag type is a 
metal sheU; the bag, of neoprene, is inside, and 
contains the nitrogen. The bladder will fiU ap- 
proximately three-fourths of the inside area of 
the cylinder when the hydraulic pump forces oU 
tato the flask. A spring-loadfed poppet valve at 
the bottom of the flask prevents the bladder ex- 
panding down into the manifold if there is no 
j^draulic fluid (or only a small amount) in the 

CONTROL SYSTEM INTERNAL 
FOLLOWUP.-ThefoUowupunit (aservomech- 
anism) in a missile control system plays an 
important part in obtaining a smooth trajectory 
with minimum oscUlation. there are two basic 
types of foUowup associated with missUe control 
fflg. 6-27). The flrst iei internal foUowup (also 
referred to as minor foUowup), and the second 
is external followup (sometimes called major 
foUowup). Internal foUowup involves devices 
installed to measure missUe control surface 
position, and to relay this position iitformation 
back to the missUe con4>uter network. External, 
or major, foUowup involves the sensing of mis- 
sUe attitude by the gyros. 

The purpose of the internal foUowup loop 
(also caUed feedback loop) is to increase the 
speed at which a missUe responds to an 



ttus providing fine control. If missile attitude 
(external followup) were the only guide to cor- 
rect the control surfaces, reaction would occur 
too late to provide fine control. In other words 
the reaction would be too late because of aero-' 
dynamic lag. Suppose, for example, that a mis- 
sUe WITHOUT internal followup turns to the 
risJit due to a gust of wind. The free gyros would 
sense the amount of error and cause control 
surface deflection to bring the missUe back to 
the left. The rate gyros would sense the rate of 
attitude deviation and relay this information to 
the missUe computer network. To make proper 
use of the free and rate gyro Information in 
providing control surface correction signals, 
the missUe computer network must also be kept 
informed of the instantaneous control surface 
positions. Devices such as the pickoffs (also 
caUed foUowup or response generators) dis- 
cussed in the chapter are commonly used to 
measure deflection of the control surfaces with 
respect to the missUe airframe and to relay 
this Information to the missUe computer net- 
work. As a result, the correction signals from 
the computer network wiU provide smooth and 
fine control. There are various other types of 
coitrol surface pickoff devices. 

An electrical foUowup (feedback) system is 
shown in figure 6-36. In this system, the error 
signal is supplied to an electronic mixer where 
it is conibined wlto the smaUer signal from the 
respoise generator. The difference, or result- 
ant, of these signals is fed through an ampU- 
fier and controUer to the actuator section that 
operates the control surface. A portion of this 
signal is also fed to the response generator, so 
that the response signal is proportional to the 
flight surface deviation from the axis line. 

It is also possible to use a mechanical 
foUowup. When this method is used, the foUowup 
mechanism may be a part of an air relay as 
shown in figure 5-37. The control surface 
position in relaUon to the missUe axis is indi- 
cated by a force which is reflected to the con- 
troUer by a spring. 

To see how this system operates, assume 
»at the signal from a pneumatic pickoff moves 
the air retoy diaphragm up. The foUowup arm 
wUl then move clockwise. This movement causes 
the valve spool of the air valve to move upward. 
The valve action admits high-pressure air to the 
relay, and the pressure forces the piston of the 
pneumatic actuator to the left. When this happens, 
tile followup spring is compressed and tends to 
turn the foUowup arm in a counterclockwise 
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direction. Since fhe followip force is in op- 
positicxi to the original motion of the followup 
arm, we have the desired Inverse feedback. 



A large signal will create a larger flight 
control surface deflection before the feedback 
force becomes great enough to return the 
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Figure 5-36.— Follo))vup loop of missile control system. 
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foUowup arm to zero. The spring wiU then push 
the foUowup arm and the air valve Ui the op- 
posite direction, to move the flight control 
ulff """e'e'ore, the spring acts to 

limit flight surface deflection to a value deter- 
mined by the error signal, and to return the 

jS?:^*^***'"* surface to a position parallel 
with the missUe axis. 

Hydraulic-Electric Control System 

Figure 5-38 shows a simplified blockdlagram 
Of a hydraulic-electric channel for roll control. 
Notice the similarity between this figure and the 
?e system diagrams in figures 5-1 

and 5-9. Since the pitch and yaw control systems 
are very nearly the same as the roll control 
system, there is little necessity to describe them 
in detaU separately. 

CHANNEL INTERCONNECTION.-Very of- 
ten the rdU, pitch, and yaw channels are inter- 
connected either electrically or hydraulically. 
Figure 5-39 shows a possible method of elec- 
trically connecting the channels. Four movable 
Jets are controlled by the system (fig. 5-2). In 
figure 5-39 the interconnection occurs just prior 
to the four servoamplifiers. 

The electrical distribution occurs by means 
of the output of the three channel amplifiers. 
The anapllfiers produce two outputs which are 
180 out of phase. The pitch signal affects Jets 
#4 and #2 by feeding into the respective servo- 
amplifiers. Assuming that a signal of certain 
Pi^se produces clockwise movement of all the 
Jets, then the signal to Jets #4 and #2 must 
receive signals of opposite phase for pitch 
control. The double-ended channel amplifiers 
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Figure S- 3 8.-Hydraulic- electric channel 
for roll control. 



produce these required out-of-phase signals. 
The yaw signal also feeds into the other two 
servoamplifiers In the same manner. The roll 
signal feeds into the input of all four servo- 
amplifiers, and affects the operation of all four 
jets. Rate control has also been included in the 
system, the rate signals being obtained from the 
rate gyros. The many synchros are used as 
pickoffs and mixers to combine information 
from the various sources shown in the figure. 

Many followup paths exist in this system. In 
each case, actuator position information is 
fed to the input of the respective servoampli- 
fier. This feeding produces jet movement which 
is proportional tothe servoamplifier input. Also, 
actuator-position Information is fed back to a 
certajn two of the three channels (yaw, roll, or 
pitch). This is necessary because each actuator 
produces an effect on the missUe in two axes. 
The roll channel has four followup signals 
since each actuator affects the missUe in roll! 
TTius, the coniblnation of actuator followup 
signals to any channel produces a resultant 
signal which represents the true followup for 
that channel. 

HYDRAULIC INTERCONNECTION.-The 
control channels may also be interconnected by 
hydraulic means. This involves a fkirly com- 
plex system of hydraulic lines which link the 
actuators of the roll, pitch, and yaw channels. 
Since such systems require rather extensive 
hydraulic equipment, they are seldom used in 
modem missUes because of their excessive 
weight. AU- electric systems will replace hy- 
draulic systems Ui new missUes. 

INTEGRATOR ACTION.-.The purpose of an 
integrator in a hydraulic- electric system is to 
detect an error of a certain sense that has ex- 
isted for a comparatively long period of time. 
This is done by producing an output which is not 
only proportional to the magnitude of error, but 
also to the length of time the error has existed. 
The integrator actuaUy accumulates the error 
over a period of time. The signal thus generated 
is then mixed with the other error signals to 
cause complete correction of the error. Refer 
to explanation of tategrator action earlier in this 
chapter. 

^eumatic Control Systems 

Even though pneumatic control systems are 
not commonly used hi missUes today. It will be 
helpful to look tato this system before taking up 
the more widely used pneumatic-electric sys- 
tems. ' 
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The principal difference between a hydraulic 
system and a pneumatic system Is the use of air 
rather than hydraulic fluid, as the worklmr 
medium. * 

•GENERAL OPERATION.-The pneumatic 
control system Is almost entirely operated by 
compressed air. 

The rotors of the gyros are powered by air. 
The gyro plckoffs are all air blocks; therefore, 
the control Information Is In the form of vary- 
ing air pressures. The control surfaces are 
moved by air pistons. Air from a pressure tank 
passes through delivery tubes, valves, and pres- 
sure regulators to operate mechanical units. 
After the air has done Its work. It Is exhausted 
to the atmosphere. It cannot be returned to the 
tank for reuse. Consequently, air must be stored 
at a much higher pressure than Is necessary 
for operating the loads In order to have enough 
pressure to operate the controls as the air 
supply In the tank diminishes. 

Figure 5-40 shows one possible pneumatic 
system. Note that this system contains three 
gyros-one displacement (free) gyro and two 
rate gyros. 

For simplicity of Ulustratlon, the figure 
shows conventional control surfkces. The basic 
principles outlined In the following paragraphs 
hold regardless of whlqh control method Is used. 

Starting with the displacement gyro, the pitch 
and yaw errors are sensed by alr-block plckoffs. 
Each signal Is sent by means of varying air 
pressures to an air relay. The air relay acts 
like a combination amplifier and controller. The 
Input to the relay Is In the form of small charges 
of air pressure from the alrblock plckoffs. The 
output of the relay Is a pressure which Is high 
enough to actuate an air piston. The two rate 
gyros also produce a pneumatic signal v*lch 
Joins with the free gyro signal of the respective 
channel. The addition of these signals In the 
proper ratio can be considered to be computer 
functions of this system. 

The followup signal is actually a mechanical 
force exerted by a spring (fig. 6.40A). Both the 
diaphragm and spring exert force on the servo- 
valve spool. Movement of the spool to either side 
of normal produces a varying force on the air 
relay valve. This action tends to return thd 
servovalve spool to the normal or mldposltlon to 
produce streamlined control sur&ces. A 

The corrective signal to the servovalve spool 
must be somewhat dependent on the instantaneous 
position of the control surfiice. This position Is 
indicated by the followup signal. Again, a com- 



puter function Is performed as spring-force In- 
formation Is combined In proper sense and ratio 
with air pressure Information at the air relay. 

YAW CONTROL._At the yaw rate gyro, the 
rate signal appears as an unbalanced air pres- 
sure between two holes In an alr-block plckoff . 
Now suppose the nose veers to the right. A dis- 
placement gyro signal develops at the plckoff 
(yaw control air jet). The yaw control air jet 
pivots to Increase air pressure In the left hole 
of the plckoff (^enfkclngthedlrectlonof flight). 
This air pressure Is transported In the lower of 
the two air tubes to the diaphragm of the air 
relay. The diaphragm Is forced to the left. This 
controls high pressure air \i*lch forces the 
actuator to the right. Mechanical llnlcige moves 
the rudder to the left, correcting a nose-rleht 
deviation. 

Again consider the nose-right attitude. As 
the nose Is moving right, an error signal Is 
produced by the yaw rate gyro. By the law of 
gyro precession, the yaw rate gyro exerts more 
force on the right restraining spring because 
force on the glnibal precesses the gyro a small 
amount. As It precesses, more air Is received 
by the left hole. This Increases the pressure in 
the same tube that contains the high pressure 
signal from the displacement gyro. The rate 
gyro Is SUPPORTING the error signal of the 
displacement gyro. 

PITCH CONTROL.-.In the mlssUe under dis- 
cussion, a pendulous device Is used for- pitch 
control. Figure 5-408 shows the relationship of 
the pendulous device, yaw torquer colls, pitch 
plckoff, and barometric altitude control. The 
diagram shows howthedevices operate together. 

When the missile deviates In pitch, more air 
Is directed Into one hole of the pitch plckotf 
block than the other. This pressure difference 
represents a pitch error signal nrfilch connects 
to an air relay. The air relay controls air pres- 
sure used to move the elevator. 

Since the rotor of the gyro tends to maintain 
a constant plane of rotation in space due to gyro 
rigidity, the glnibal and gyro disc also maintain 
a constant angle since they move with the gyro. 
The disc Is rigidly connected to the gimbal.The 
gyro cradle normally moves with the airframe. 
The pitch plckoff pivot and block are connected 
to the cradle and also move with the airframe. 
When the mIssUe deviates in pitch, the cradle 
and pitch plckoff also deviate in pitch, but the 
disc maintains the same position in space. 
The pitch arm pivots as It rides In the slotted 
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disc and produces the pressure difference be- 
tween the two holes of the pickoff block. 

BAROMETRIC ALTITUDE CONTROL.- 
Pitch can also be controlled by a barometer 
servo. The servo (fig. 5-40B) is connected 
mechanically to the gyro cradle. The gyro 
cradle remains fixed with respect to the air- 
frame unless the barometer servo should move 
it. When the barometer actuator moves, the 
position of the gyro cradle with respect to the 
missile frame changes by pivoting. Also, when 
the gyro cradle moves, the nozzle and block of 
the pitch pickoff move with it. Since the ginibal 
and disc remain stationary, the pitch pickoff 
arm pivots and produces a pitch signal. This, 
of course, also produces elevator movement 
and missile pitch reaction. 

The stabUity of this missile in pitch is pro- 
duced by the relation of the missile and the 
gyro. The initial clinib angle and altitude of the 
trajectory are controlled by the barometer servo 
operating the gyro cradle. 

Pneumatic-Electric Control Systems 

Some missile control systems have been 
designed which use a combination of pneumatic 
and electrical apparatus. Such systems usually 
use electrical pickoffs, which are the most 
accurate and reliable. The pneumatic equipment 
is used to move the actuators. 

The change from electric to pneumatic op- 
eration takes place at the air servovalve (fig. 
S-4QA). The air servomotor rotates the torque 
tubes which are connected to the control sur- 
faces and extend into the center section of the 
missile. The deflection of the control surfaces 
is proportional to the input signal. 

Electric Control Systems 

An electric control system consists entirely 
of components powered by electricity. Thus, 
no pneumatic or hydraulic transfer system is 
necessary. 

Except for the controller and actuator, the 
components used are similar to those used in 
the hydraulic-electric system. 

ACTUATORS OF ELECTRONIC CONTROL 
SYSTEMS.— Electric motors are used for actu- 
ators in electric control systems. It is not 
practical to apply the torque of the motw 
directly to the control surface by using the 
motor shaft as the control- surface pivot. Such 
a motor would have to be very large to exert 



enough jtorque to move the airfoUs sufficiencly. 
A large motor cannot be used because of its 
excessive weight. 

A small motor running at high speed has the 
same power potential as a larger motor which 
runs at some lower speed. Therefore, a small 
motor is connected tothe control surface through 
a reduction gear train. The mechanical ad- 
vantage yielded by the gear train results in a 
large torque exerted on the control-surface 
pivot. The motor is either a constant speed 
motor, operating through a clutch, or a vari- 
able speed motor. 

The high rotation speed of an electric motor 
introduces.a major disadvantage to an electrical 
system. The inertia of an electric motor intro- 
duces a lag in the system which makes fine con- 
trol difficult to achieve. If the lag is great 
enough, the system operates with insufficient 
sensitivity or with a tendency to oscillate. 

VARIABLE SPEED ACTUATOR.-Figure 
5-41 illustrates a variable speed motor used to 
move a control surface. A signal is sent to a 
motor which rotates in a given direction depend- 
ing on the sense of the signal. The motor turns 
at a speed i^ich is roughly proportional to the 
strength of the signal. Sin<se the motor is coupled 
to the elevator throu^^ a reduction gear train, 
the elevator movement is proportional to the 
speed of the motor. 

CONSTANT SPEED ACTUATOR.^The 
effects of Inertia ^en starting and st(H)ping a 
variable speed motor can be eliminated by using 
a drive motor which runs continuously and 
maintains uniform speed. In this case the motor 
is connected to the control surface through a 
clutch. The clutch varies the power transmis- 
sion from the motor to the control surface. The 
use of two clutches and a gear differential would 
allow control in both directions. 

Figure 5-42 shows a system output using 
clutches. The friction clutch discs make con- 
tact by means of a solenoid from the channel 
power amplifier. The amplifier needs to supply 
power only to operate the solenoids. 

Mechanical Linkage 

We have discussed the various control sys- 
tems, but have not discussed in detail the 
mechanical means of linking the flight control 
surfaces to the actuator. In addition to provid- 
ing a coupling means, the linkage may also be 
used to amplify either the force applied or the 
speed of movement. 
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Figure 5-41 •—Electric actuator (variable speed motor). 



A mechanical linkage between an actuator 
and a load is shown infigureS-43A, The distance 
d, on the drawing represents the distance firom 
the ccxitrol surface shaft to the point where the 
force is applied. The control surface moves 
because force exerted by thie piston is applied 
at a distance from the axis of rotation, and thus 
produces a torque. Other mechanical linkages 



may consist of an arrangement ofgears^leversi 
or cables (fig. S-43B). 

A number of mechanical systems may be 
grouped together to form a combination sys- 
tem. This system uses levers, cables, pulleys, 
and a hydraulic actuator. However, a system 
using this kind of ccxitrol is not suited for high 
speed missiles. 
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Figure 5-43.-Mechanlcal linkages: A. Actuator and load linked by lever arm; 
B. Gear train type of mechanical linkage. 
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CHAPTER 6 



PRINCIPLES OF MISSILE GUIDANCE 



INTRODUCTION 



DEFINITIONS 



Preceding chapters have discussed missile 
airframe and control surfaces, propulsion sys- 
temSi v^rheads, and control systems. Chapter 
5 defined guidance and control, and set up an 
arbitrary division of factions and components 
of those two systems. This chapter shows the 
basic functional components of guidance sys- 
tems. Sorrie of them are in the missile and 
some are aboard the launching ship. 

There are seversQ methods of providing 
guided missiles with the guidance signals neces- 
sary to bring about a collision with a target, 
but two broad categories can include all of them. 
The first category includes those guided missiles 
that maintain electromagnetic radiaticm contact 
with manmade devices outside of the missile 
proper (devices on the ship or ground station). 
Examples of these devices include radar trans- 
mitterSi radio transmitterSi and the target 
ivself. The second category includes those 
guided missiles which do not maintain electro- 
magnetic radiation contact with manmade de- 
vices. In this category are missiles which rely 
on either electromechanical guidance devices 
or electromagnetic radiation contact with natural 
sources. The preset and inertially guided mis- 
siles rely primarily on electromechanical de- 
vices within the missile. The celestial and 
terrestrial guided missiles rely primarily on 
electromagnetic radiation contact with natural 
sources. 

Modem guidance systems are far advanced. 
Progress in electronic and allied equipments is 
ri^id. The basic principles stay the same^ 
though the ''hardware'' may chuge iremenyi 
dously, such as the change from vacuum tubes to 
transistors. This dtmp^Bv and the following ones 
esqplainprinciplesof dtCterent guidance systems. 



A distinction was made in chapter 1 between 
missiles and guided missiles. They may also be 
called controlled missiles and uncontrolled mis- 
siles. Uncontrolled missiles follow a ballistic 
trajectory vliich is determined by their initial 
velocity, initial attitude, and the forces of 
nature present (gravity, wind, and air resist- 
ance). Arrows, bullets, artillery projectiles, 
and hovabs are examples of missiles that follow 
a purely ballistic trajectory after release. Mis- 
siles iRrtiich are propelled by reaction propulsion 
systems and vAiich are without control guidance 
after flight, such as free (unguided) rockets, 
follow ballistic paths after engine cutoff. 

A missile whose flight path is controlled 
after launching is considered to be guided. 
Internal equipment may sense deviation from the 
prescribed path and operate to correct it, or 
the missile may be commanded from an ex- 
ternal source to make certain changes in its 
flight path. Many missiles use a conibinationof 
guided and unguided phases of flight. 

PURPOSE AND FUNCTION 

The purpose of a guidance system is to con- 
trol the path of the missile ^ile it is in flight. 
This makes it possible for personnel at ground 
or mdbile laimching sites to hit a desired tar- 
get, regardless of whether that target is fixed 
or moving, and regardless of Aether or not it 
takes deliberate evasive action. The guidance 
function may be based on information provided 
by sources inside the missile, or on informa- 
tion sent from fixed or mobile control points, 
or both. 

Every missile guidance system consists of 
am attitude control system and a path control 
system. The attitude control system functions 
to maintain the missile in the desired attitude 
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on the ordered ttight path by controlling the 
missile in pitch, roll, and yaw. The attitude 
control system operates as anautopilot, damping 
out fluctuations that tend to deflect the missile 
from its ordered flight path. The function of 
the path control system is to determine the 
flight path necessary for target interception and 
to generate the orders to the attitude control 
system to maintain that path. 

Thus, the missile guidance system is es- 
sentially a weapon control system, inherently 
associated with the weapon direction phase. 
Although guidance and control systems have 
distinct ftinctions, they must operate together. 
The guidance system detects and tracks the 
target, determines the desired course to the 
target, and produces the electrical steering 
signals that' indicate the position of the missile 
with respect to the required path; the control 
system responds to the signals to keep the 
missile on course, 

BASIC PRINCIPLES 

The guidance system in a missile can be 
compared to the human pilot of an airplane. As 
a pilot guides his plane to the landing field, the 
guidance system guides the missile to the target. 
Using an optical device, the guidance system 
''sees'' the target. If the target is fSLV away or 
otherwise obscured, radio or radar beams can 
be used to locate it and direct the missile to it. 
Heat, light, television, the earth's magnetic 
field, and loran have all been found suitable for 
specific guidance purposes* When an electro- 
magnetic source is used to guide the missile, 
an antenna aiid a receiver are installed in the 
missile to form what is knowh as a sensor. The 
sensor section picks up, or senses, the guidance 
instructions, MissUed that are guided by other 
than electromagnetic means use other types of 
sensors. 

The operation of the guidance and control 
system is based on the closed-loop or servo 
principle. The control unitli make corrective 
adjustments of the niissile control surfaces 
when a guldanbe elrrbr is pi^esent. The control 
units will also adjust the control surftices to 
stabUise ttie mibUe in roll, pitch, and yaw. 
Guidance and slkbliisatlon are two separate 
processes alttiaugti they occur simultaneously. 



PHASES OF GUIDANCE 



Misstte guidance is geneMlly divided into 
three ptutsea^boosty niidccHtf se, and terminal. 



These names refer to different parts of the 
flight path. The boost phase may also be called 
the launching or initial phase, 

INITUL (BOOST) PHASE 

Navy surfkce-to-air missiles are boosted to 
flight speed by means of the booster component. 
This boosted period lasts from the time the 
missile leaves the launcher until the booster 
burns up its fuel. In missiles with separate 
boosters, the booster drops away from the 
missUe (fig, 6-1) at burnout. Discarding the 
burnt out booster sheU reduces the weight car- 
ried by the missile and enables the missile to 
travel farther. 

The prdblems of the initial phase and the 
methods of solving them vary for different mis- 
siles and their means of projection. However, 
the basic ptirposes are the same. The boost 
phase must get the missile off to a good start 
or it wUl not hit the target. The launcher, 
holding the missile, is aimed in a specific 
direction on orders from the fire control com*- 
puter. This establishes the line of sight 
(trajectory or flight path) along which the mis- 
sile must fly during the boosted portion of its 
flight. At the end of the boost period the mis- 
sile must be at the calculated point. 

There are several reasons why the boost 
phase is important. If the missile is a homing 
missile, it must "look" in the predetermined 
direction toward the target. The fire control 
con^Miter (on the ship, or plane, or ground 
statloi) calculates this predicted target position 
on the basis of where the missile should be at 
the end of the boost period. Before launch, this 
information Is fed into the missile, 

. When a beam-riding missile reaches the end 
of its boosted period, it must be in a position 
where It can be captured by the radar guidance 
beam. If the mlssUe does not fly along the 
prescribed launching trajectory as accurately 
as possible. It will not be in position to be 
captured by the radar guidance beam to continue 
its flight to the target, Theboostphase guidance 
System keeps the missile heading exactly as it 
"Was at launch. 

During the boost phase, ih some missiles 
(fit(, 6-1), the missUe's guidance systemandthe 
aerodynamic surfaces are locked ih position. 
Some missiles (fdr example, Talos) are guided 
durltig the boost phase* 
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phase, Information can be supplied to the mis- 
sile by any of several means. In most cases, 
the midcourse guidance system is used to 
place the missile near the target, where the 
system to be used in the final phase of guid- 
ance can take over. But, In some cases, the 
midcourse guidance system is used for both 
the second and third guidance phases. 



TERMINAL PHASE 

The terminal phase is of great importance 
because it can mean a hit or a miss. The last 
phase of missile guidance must have high ac- 
curacy as well as fitst response to guidance 
signals. ^ 

Near the end of the flight, the missUe may 
lack the power necessary to make the sharp 
turns that are required to overtake and score 
a hit on a fast-moving target. In order to de- 
crease the possibility of misses, special sys- 
tems are used. These systems will be de- 
scribed in the followhig chapters. 

In some missiles, especially short-range 
missiles, a single guidance system may be 
used for all three phases of guidance. Other 
missiles may have a different guidance system 
for each phase. 



COMPONENTS OF GUIDANCE SYSTEMS 

The units of the guidance system may be 
located in the missUe (active and passive 
homing, inertial), or they may be distributed 
between the ship and the missUe (beam-rldlng 
and semiactive homing). 

GENERAL REQUIREMENTS 

A missUe guidance system involves a means 
of determining the position of the missUe in 
relation to known pointff. The system may 
obtain the required information ttom the mis- 
sUe itself; tt may use information transmitted 
from the launching station or other control 
point; or it may 6btain information from the 
target itself. The guidance system must be 
stable, accurate, and reliable. 

In order to achieve these basicr requirei-rx 
ments, .the guidance systein miurt contain com- 
-pmifUts that wUl pick up guidance intormaticm 
from some iource^ convert Uie Itlformatimi 



into usable form, and activate a control se- 
quency that wUl move the flight control sur- 
faces (or other control forms) on the missile. 
It is difficult to separate the control and 
guidance operations. However, the flight con- 
trol section is concerned with flight stabUity. 
MissUe accuracy is primarUy a function of the 
guidance section. MissUe reliabUity depends 
on both sections. We wUl list Uie components 
and briefly describe the basic function of each 
before going into the Individual types of guid- 
ance systems. The compaients of the control 
system were described In chapter 5. 



SENSORS 

In some respects, the sensor unit is the 
most important section of the guidance system 
because it detects the form of energy being 
used to guide the missUe. If the sensor unit 
faUs, there can be no guidance. 

The kind of sensor that is used wiU be de- 
termined by such factors as maximum operat- 
ing range, operating conditions, the kind of 
Information needed, the accuracy required, 
viewing angle and weight and size of the sen- 
sor, and the type of target and its speed. 

Sensors used in the control system were 
described in chaiAer 5, and included gyros, 
pickotf systems, altimeters, and air-speed 
transducers. 

Guidance sensors depend on some form of 
electromagnetic radiation^ v^ich includes the 
entire range of propagatiom^ by electric and 
magnetic fields. The range includes gamma 
rays. X-rays, ultraviolet rays, infrared rays, 
radar, and radio rays. MlssUes use light, 
infrared, radar, and radio rays. 

All radiations may be considered as a 
method of transmission of energy. AU elec- 
tromagnetic radiaticxis propagate through space 
at the speed erf light, which Is approximately 
3 X lO^^centlmeters per second (cm/sec), or 
186,300 mUes per second.^ In other materials, 
such as glass or water, the speed is less. 

By Includli^ devices within a guided missile 
that can detect the presence of electromagnetic 
radiations, several different types of guidance 
methods have been developed. The devices In 
the mlssUe that detect the electromagnetic 
. Illations come under ttie general heading of 
sensors. Following are brief descriptions erf 
seVjaral types of such sensors. The advantages 
and disadrahtages of each will be covered In 
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the discussions of the guidance system in \»hich 
each is used, although some will be mentioned 
here. 

Light-Sensitive Sensors 

At about the end of the 19th century, Hertz 
discovered that electrons were ejected from 
certain metaUic surfaces when these surfaces 
were exposed to light. From this discovery 
emerged tt)e photoelectric cell. The photo- 
electric cell shown in figure 6-2 represents a 
practical light sensor for mlssUe guidance. 
The cell Is composed of a light-sensitive cathode 
and an anode. These two elements are covered 
with a clear glass bulb. The unit Is about the 
size of the average radio tube. As light waves 
impinge on the surface of the cathode, the 
cathode emits electrons. These electrons are 
collected on the anode, resulting in a current 
flow through the circuit. By Installing appro- 
priate pickoffs which detect the direction of a 
light source, a missUe may be made to home 
(or guide) itself toward a light- emitting target, 
such as a factory, city, aircraft, or enemy 
ship. Modem photoelectric cells are quite 
sensitive to light variations, but, because light 
is easily Interrupted, the system is subject to 
Interference. 

Another device which may be thought of as 
a light sensor is a television camera. Installa- 
tion of a television camera and transmitter In 
a missUe provides a means of guidance based 
on a continuous picture of the target which is 
relayed to a remote control point. 

There are several very serious disadvan- 
tages associated with the light-seeking sensor 
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devices. The first and most Important is that 
the target must be optically visible. If the 
target Is obscured by clouds, rain, snow, etc.. 
the light-seeking sensors wUl be Ineffective. 
The fkct that light sensors cannot discriminate 
between light sources with any degree of cer- 
tainty is also a handicap. A disadvantage of 
television as a guidance device is the fact that 
television is technically complicated. Further- 
more, television equipment places large space 
and weight requirements on a missile. Another 
serious disadvantage of the light-seeking sen- 
sors is that they can be Jammed with relative 
ease. For example, if the lights in the target 
(ship, plane) were turned off, the missUe would 
be unable to reach the target. In view of these 
disadvantages, light-seeking sensors are not 
presently used in guided missUes which depend 
on the target for a source of light. They are 
used in the celestial guidance method, however, 
which will be discussed later. 

Infrared (Heat) Sensors 

The Infrared portion of the electromagnetic 
spectrum offers another means of missile 
guidance. All objects on earth radiate some 
heat energy in the form of electromagnetic 
waves. Devices which can sense this radiated 
heat energy are Installed in some guided mis- 
sUes to enable them to home on targets which 
radiate significant amounts of heat. 

Actually, the principle Involved is not unlike 
that of the photoelectric cell Just described. 
The invisible infrared radtetion causes certain 
substances to produce an electron flow In the 
same manner as does visible light. By care- 
fully controlling the sensitivity of Infrared 
seekers (sensors) they may be used very suc- 
Cf SBfUUy to missUe guidance. Control of sen- 
sitivity is extremely important stoce the 
heat-seeking mlssUe must be able to discrimi- 
nate between the target and background sources 
of heat radiation. 

Heat, -or infrared sensors use an active ele- 
ment called a THERMOCOUPLE, or an element 
known as a BOLOMETER. Either sensor may 
be used with a lens and reflector system. 

MissUes which depend on detection of in- 
frared radiations are very suitable for use 
a^lnst air targets. The propulsion systems of 
missUes and cohventlohal aircraft radiate tre- 
mendous amounts of heat in comparison with 
background radiation. The tftet that these 
sources of heat radtotion cannot be turned off 
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gives infrared guidance a distinct advantage 
over the visible light sensors. In addition to 
use against air targets (fig. 6-3), the infrared 
method is adaptable to effective use against 
industrial areas and military installations. In 
the latter ai>pllcation, however, it is possible to 
decoy a heat-seeUng missUe by starting fires 
at some distance from the target. 

Radio Sensors 

Although radio receivers are not commonly 
thought of as sensors, they actually ;formthe 
' same basic function as any sensor— that is, they 
serve as energy detectors. Radio provided the 
first method of controlling model aircraft and 
target drones. A radio-controlled model air- 
plane was first flown successfully in 1935. 
The principle of controlling a missile or air- 
craft in flight by radio is very easy to under- 
stand. By InstaUlng a radio receiver In the 
missile and a radio transmitter at a remote 
control point, we have estabUahed the necessary 
electromagnetic link between the control point 
and the missile. By observing the missile's 
flight either optically or by radar, the control 
point deternoines ^t changes are desired in 
the missUe night path. The transmitter is then 
keyed in a manner representative of the desired 
change. The signal travds to the receiver in 
the missile and is subsequently converted Into 
control surface movement. Although conunonly 
used in control of drone aircraft, radio control 
la little used in present day guided missUesdue 
to the advantages of radar In high speed missile 
guidance. 



Radar Sensors 

Shortly after World War n began, a detection 
system known as RADAR (RAdio Detection And 
Ranging), was developed. It was used with great 
success in piloting and target detection during 
and after World War n, and more recentty has 
come to provide one of the most important 
means of missile guidance. 

As will be shown later, certain missiles are 
guided on the basis of radar energy transmitted 
from control points and detected by receivers 
within the missUe. Other types of missUes 
detect reflected radar energy from a target, 
and use this energy as a basis for generating 
guidance (steering) signals. 

Acoustic Sensors 

Listening as a means of target detection is 
used chiefly by stdDmarines. Surfoce ships at 
high speed produce considerable noise. This 
interferes with their detection of the sounds 
made by other ships, especially the low fre- 
quency sounds of submarines. On the other 
hand, this difference in noise output enables a 
mibmarine to detect a surfoce ship rather 

easily. ^ 

Acoustics or sound detection systems were 
used in earlier days for the detection and 
tracking of aircraft. These systems used 
large horn microphones, manually operated, to 
detect approaching aircraft. Other devices, 
called hydrophones, have been used by the 
Navy to determine the presence and position 
of siibmarines and ships. A hydrophone is a 
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microphone that works underwater, sensing 
vibrations given off by underwater targets. 

REFERENCE UNITS 

The preceding chapter discussed reference 
units used in the control system of the mis- 
sile. A quick review follows. 

The signals picked up by the sensor must 
be compared with known physical references 
such as voltage, time, space, gravity, the 
earth's magnetic field, barometric pressure, 
and the position of the missile frame. The 
sensor signal and the reference signal are 
compared by a computer, which will generate 
an error signal if a course correction is nec- 
essary. The error signal then operates the 
missile control system. 

Gyroscopes are used for space reference. 
A reference plan Is established In space, and 
8y«> senses any change from that reference. 

The earth's gravity can be used as a refer- 
ence; a pendulum can sense the direction of the 
gravitational force. Some gyros are arranged 
for vertical reference by a pendulous plckoff 
and erection system. Q3^s used in this man- 
ner are called vertical gyros; they may be 
used to control the pitch and roll of the mlssUe. 

An instrument called a FLUX VALVE has 
the ability to sense the earth's magnetic field, 
and can be used for guidance. The primary 
purpose of this device is to keep a directional 
Syro on a given magnetic hea'd&ig. A gyro 
operated in this manner may be used to govern 
the 3raw controls of a missile. 

Barometric pressure can be used to deter- 
mine altitude. A guided missUe that Is set to 
travel at a predetermined altitude may use an 
^timeter to sense barometric pressure. 
EQiould tiie missile deviate fi^om the desired 
altitude, an error signal will be generated and 
fed to the control section. 

Another pressure type sensor is used to 
determine airspeed. It compares static btao- 
metric air pressure tirlth ram air pressure. 
The difference between these two pressures 
provides an air speed Indication. 

The axis of the mlsstte frame is tised as a 
reference to measure the displacement of the 
missile control surfhces. (ThB movement of 
the control surfticefli cannot be referenced to 
the vertieal, or to a given headli«, Wcause 
the reference would ehange when the fissile 
posittdo changes*) 



Selsyns (synchro pickoffs) may be used to 
indicate the angular position of the flight con- 
trol surfaces with respect to the missile axis. 
It is also possible to use potentiometers 
(variable resistors) for this purpose. When 
this method is used, the potentiometer is 
fastened to the missile frame and the poten- 
tiometer wiper-arm shaft is moved by the 
control surface. 

AMPLIFIERS 

The subject of amplifiers was introduced 
in the preceding chapter. There are many 
variations in eadi of the three types of ampli- 
fiers named-vacuum tube, transistor, and 
magnetic. 

Vacuum-Tube Amplifiers 

Vacuum-tid)e amplifiers may be classified 
according to the method of coupling used- 
resistance-coupled (RC), impedance-, 
transformer-, or direct-coupled. They may be 
tuned, untuned, broad-band, or narrow-band 
amplifiers. Tube type amplifiers may use 
trlodes, tetrodes, pentodes, or beam power 
tubes. Accordtag to their application, they may 
be audio-frequency (a-f), radio-frequency (r-f), 
or intermediate-frequency (l-f) amplifiers. 
Radar receivers commonly use 30 mc to 60 mc 
l-f amplifiers. A discussion of electron tube 
ttieory may be found in Basic Electronica . 
NavPers 10087.A. ^' 

Vacuum tube amplifiers are often used as 
voltage amplifiers. Many mlssUe applications 
require an amplifier Mrtiose output Is not only 
greater than the input, but also proportional 
to the input. Suppose the input is 1 volt and 
the output 15 volts. Then, if the input is 3 
volts the output must be 45 volts. Most 
electronic amplifiers are based on vacuum tubes. 

In any vacuum-tube amplifier circuit, the 
nmdamental operation is the use of grid voltage 
to control the flow, of plate current. The 
plate-current change is utUized in various 
ways, giving rise to several standard classifica- 
tions of voltage amplifiers. One type is a 
resistance-coupled circuit. With the proper 
cliolce of circuit components, the voltage on 
tbe second grid can be many times that im- 
pressed on tbe first grid. Pentode tiAes are 
normally usedfor resistance-coupled amplifiers 
because of ttieir bicker gain. 
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Another type of amplifier is transformer- 
coupledy and uses the current change In the 
plate circuit. Because they give wider flre- 
quency range with , transformers than other 
types of tubes, triodes are normally used for 
such circuits. 

A third type of amplifier, rarely used, is 
impedance coupled; its output voltage appears 
across a choke or impedance coll. 

In many applications it is necessary to get 
power from an amplifier, so at least the final 
stage is adjusted to give power rather than a 
voltage output. The tubes used are somevAiat 
larger as a rule than those of voltage circuits, 
and are specially designed for large current 
outputs. 

Transistors 

The advent of the transistor In the field of 
electronics has as much significance and im- 
portance as the development of the vacuum 
tube in the early days of radio. The transistor 
proves ttiat amplification, accomplished before 
mainly by vacuum tubes, can take place in a 
solid. This device has opened a npw field of 
experiment and study in "solid-state" physics. 

Two scientists, John Bardeen and W. H. 
Bratten, working under William ShocUey of 
Bell Telephone Laboratories, developed the 
transistor (point-contact type) in 1948. Later 
(1949), Bell TeliBphone Laboratories announced 
that William ShocUey had developed a Junction 
transistor. Since then, transistors have been 
developed into practical and dependable elec- 
tronic dflfvices and the field of electronics has 
rapidly expanded the use of these ^'solid-state'' 

devices. ^^«^***« 
The term transistor is coinedfrom"TRANS- 

fer'' and "resISTOR." Transistors are lifter, 
smaller, longer lived, more rugged, more ef- 
ficient, and potenftiaUy less costly than most 
vacuum tubes. Turthermore, they require no 
filament power, they draw comparatively small 
currents In operation, and they generate neg- 
ligible amounts ofheat. Another advantage isthat 
the transistor is ready to operate instantly at 
the tlM;>Ueation of operating voltage because the 
transistor does not require prdieating,atidcon- 
sunties no standby po^r. 

Becausettietrafiiifitor Isa solid,^t can with- 
stand the foYde of acceieMtlon and deeelera- 
tioh niatty timae that of the force of gravity. 

Maqy fi6w circuit iAean have been devdoped 
from the use of the transistor^ but its full 



capabilities are not yet realized. At the present 
time there are many types of transistors In 
use, and many more are being developed. 

Some of the transistors that are in use are 
the point contact. Junction, drift, tetrode, uni- 
junction dynistor, and surface barrier. Eachhas 
its own unique characteristics, advantages, and 
areas of application. The Junction transistor is 
the most commonly used. 

A serious problem with transistors isthat of 
unreliability at high temperatures. The use of 
feedback circuits tends to stabilize the collector 
current with respect to temperature. Also, they 
are ineffective at the extremely high frequencies 
present in many vacuum tube circuits. However, 
this prdblem has been largely overcome In 
transistor applications in missiles. Some 
modem missiles are completely transistorized. 

The operation of transistor depends upon the 
electrical properties of a class of substances 
known as semiconductors. A semiconductor isa 
solid material that has greater conductivity 
than an insulator and less conductivity than a 
conductor. Some semiconductors are com- 
pounds, such as copper oxide, zinc oxide, indium 
antimonide, gallium arsenide, and silicon car- 
bide, while other semiconductors are elements, 
such as germanium and silicon. The most com- 
mon semiconductors in use at present for tran- 
sistors are germanium and silicon to iwhich 
certain impurities have been added, in minute 
quantities of specific materials. 

Transistors are generally connected in one of 
three basic circuits. These configurations are: 
common-base amplifier, conmion- emitter am- 
plifier, and common-collector amplifier. The 
term "grounded*' is sometimes used instead of 
the term "common" but the element said to be 
grounded is really Common to both the input and 
output circuits and is not necessarily gounded. 
The common-collector circuit is rarely used. 

Transistors may be combined with sources- 
of power and passive elements (resistors, In- 
ductors, and capacitors) to form transistor 
circuits of many forms which are used for gen- 
eration, amplification, shaping, and control of 
electrical signals. Blany transistor circuits are 
similar to vacuum tdbe arrangements, but much 
more is Involved thanmerelyreplacingthe elec- 
tron tube with a transistor. 

For tttformat^ on atomic structure and 
valttce bonds In transistor materials, types and 
eottflHnatioiis of Materials, operations of cir- 
cuits, uses of transistors as audio amplifiers, 
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cascade amplifiers, diodes, triodes, and oscU- 
tators, see Basic Electronics, NavPersl0087-A. 
For a less comprehensive coverage, see In- 
troductlon to Eleetronipa ^ NavPers 10084- It 
describes the principles of operation of tran- 
sistors. 

Magnetic Amplifiers 

Magnetic amplifiers are not new devices by 
having been reported in use over 
fifty years ago. A magnetic amplifier Is es- 
sentially a device which controls the a-c re- 
actance of a coU by utUizing a d-c signal to 
modify the permeabUltyofthe magnetic material 
upon which the coll Is wound. 

In the e^rly stages of development this basic 
Idea was Incorporated into devices, usuaUy 
designated as saturable reactors, and used to 
control large electrical loads such astheatrical 
lighting and electric furnaces. However, the use 
of the SATURABLE REACTOR, the heart of the 
magnetic amplifier, was limited in Its abUlty to 
control the load untU the recent development of 
Improved magnetic materials and efficient 
metallic rectifiers. The utUlzatlon of these Im- 
proved materials resulted in the use of the 
saturable reactor in more elaborate circuits 
and led to the distinguishing term MAGNETIC 
amplifier. 

Many different trade name devices, such as 
self-saturating magnetic amplifiers, Magamps. 
Transductors, and Amplistats, have beeii used 
to Identify the more elaborate saturable reactor 
circuits. 

The advantages of the magnetic amplifier are 
based principally on tSie fact that it Is a com- 
pletely static device. With the exception of the 
rectifiers used, its mechanical construction is 
comparable to that of an Iron-core transformer. 
There are no contacts, moving parts, fUainents. 
or other features which account for most of the 
faUures associated with other types of amplifiers 
(except for those using transistors). The need 
for frequent initiection and tnaintenance is cut 
to a minimum. The life of the magnetic ata- 
plifier is more or less indefinite, and It is 
especially suited for shiiiboard installation 
where there are adverse operating conditions 
such as vibration and shock. 

In order to unddfstand thetheory of magnetic 
amplifiers, it is ndceisary that youH^ossess a 
taowledge of &iA|metl«m and magnetic circuits. 
This informatiou maybdfoundliithe Navy Train- 
ing Course Basic Electricity . NavPem 10086.A. 



COMPUTERS 

A conqputer is necessary In missile guidance 
systems In order to calculate course cor- 
rections rapidly. In one type of missUe the com- 
puter Is simply a mixing circuit. On the other 
hand, the computers used at launchli^ sites may 
be large consoles performing many calculations. 

Computers have been mentioned In several 
places In the text, and chapter 5 gave a brief 
description of the two general types of com- 
puters, digital and analog. Either or both may 
be used In mlssUes. In the Polaris missile, 
for example, the electronics package Is in 
essence an analog computer. It responds in a 
linear manner to ii^aut signals from a variety 
of sources, for example, the various gyros in 
me missile. The computer generates commands 
(based on the input information) vAildi are fed 
to the flight control electronics package, ^ere 
toe pulses are converted into signals that cause 
the flight controls to maneuver the mlssUe as 
commanded. Pitch, roll, and yaw of the missile 
are controlled by such commands. The com- 
mands are a series of digital pulses which are 
converted to analog information in the aiitopUot 
and cause the pitch, roll, or yaw maneuvers. 

In an electronic analog computer, the Input 
and output variables are represented by volt- 
ages, and the computations are performed by 
electronic circuits. 

Specific Differences Between Analog 
and Digital Computers 

INPUT.-The input to the analog computer 
is never an absolute number, and an approximate 
position on a continuous scale. Thus, It is Im- 
possible to set the potentiometer dial at exactly 
75 (duns; there is always some error, no matter 
how small. On the other hand, the number fed 
Into the digital computer Is precisely the one 
desired; no more, no less. 
^ OUTPUT.-The output of an analog computer 
IS never an absolute number, but an approximate 
position on a continuous scale. The digital com- 
puter, Jiowever, produces a specific series Of 
digits for an output. 

SPSSD.~M6st analog computers will pro- 
duce an taurtnt as soon as you have put in the 
problem. This abUlty Is vital in milltai7 opera, 
tions such as fire control, where there Is not 
much time to compute the position of a flying 
target. 
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A digital computer does not work instantane- 
ously. It produces an answer some time after 
the prdblem is fed to it. But don't think that 
this makes it a slow machine. The ''some time 
after'' may be a few millionths of a second. 
However, because the digital computer must do 
arithmetic, there is always a time lag between 
prbblem and solution. 

Classification of Computers 

Computers may also be classified physically 
and functionally. Physically, computers are 
classified as mechanical, electrical, and elec- 
tromechanical computers. The classification of 
analog computers is determined by the type of 
computing elements used. These computing 
elements may be mechanical, electromechani- 
cal, or electronic. Mechanical elements used 
in the mathematical processes include differ- 
entials, linkages, cams, slides, multipliers, 
and component solvers. Most explanaticxis of 
computer basics use the mechanical type because 
it is easier to illustrate graphically, and easier 
to understand. 

In electromechanical computers, the mathe- 
matical processes are performed by using com- 
binations of electrical signals and mechanical 
motions. Synchros, potentiometers, and re- 
solvers are examples of partaused. Mechanical 
displacements (as of shafts and cams) are 
converted into voltages. 

Electronic computers use only electrical 
voltages to perform the computations. Ampli- 
fiers, summing networks, and differentiating and 
integrating circuits are components used in 
electronic computers. Lightness, compacbiess, 
and speed of computation are achieved more 
easily with electronic computers than with 
mechanical ones. Therefore, the trend in 
development ot computers has been toward the 
electronic type. Vacuum tubes were a firequent 
source of foilure, but this troidble has been 
largely eliminated by the use of transistors in 
place of the vacuun^ tubes* 

A type of electronic analog computer that 
has proved us^ in missile design is the 
DIFFERENTIAL ANALYZER. This device is 
sometimes called a SIMULATOR, because it 
can be given electrical inputs that simulate 
both the characteristid'ii of a prqpdsed missile 
and the conditions under which it uMll operatie. 
the action of fhe computer will then show how 
the proposed missile vHXL perform under the 
specified condittons. It Is thus possible to test 



new missile designs without building actual 
prototype missiles, and this procedure results 
in a considerable saving in bothtime and money. 

CONTROLLERS AND ACTUATORS 

If a missile wanders off its proper course, 
this fact will be detected by the sensing mech- 
anism previously described. The computer 
within the guidance system will evaluate the 
information provided by the sensing mecha- 
nisms, determine the direction and magnitude 
of the error in missile course or position, and 
produce a suitable error signal output. 

At this point, the functions of the guidance 
and control systems overlap. The primary 
purpose of the control system is to correct 
errors in the attitude of the missile. The pri- 
mary purpose of the guidance system is to 
correct errors in the missile flight path. Both 
types of error are corrected in the same way: 
by moving the missile flight-control surfaces 
or the Jet controls (Jetevators, Jet vanes). 
Movements are governedbythe same controllers 
and actuators, regardless of whether the error 
signal is developed by the guidance or the 
control system. 

FEEDBACK SYSTEMS 

The final section of a guidance system is 
known as a "feedback" or "foUowup" unit, 
also called a closed-loop system. This unit 
measures the position of the flight control 
surfaces or Jet controls in relation to the 
reference axis of the missile, and compares 
this value with the error signal generated by 
the computer. 

Without the foUowup signal, there would be 
nothing but the varying air pressure to prevent 
the flight control surfitces from swinging to 
their maximum limits any time the sensor 
caused an error signal to be generated. By 
using feedback, the deflection of the flight con- 
trol sattsLce can be made proportional to the 
size of the error. The feedback loop thus 
gradually returns the flight control surfaces 
to neutral as the error is corrected. 

To accompliflh these results, the feedback 
signal is used to oppose the error signal. 
When the feedback slghal becomes as large as 
the error signal, no further deflection of the 
flight control surface takes place because the 
two signals are equal and opposite, and their 
sum is aero. 
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tt the error signal voltage is large, a large 
denection of the flight control surface can 
take place before the feedback signal voltage 
becomes strong enough to exactly equal the 
error signal. 

As the missile approaches the desired 
course, the error signal becomes less than the 
feedback signal, and the resultant voltage dif- 
ference reverses polarity. The reversal in po- 
larity moves the flight control surfaces in the 
opposite directt jts until they are in neutral. This 
action is smopth and rapid, and cannot be dupli- 
cated by systems that use ON-OFF switching. 

FoUowup loops were described and illus- 
trated with block diagrams and schematics in 
chapter 5. Figure 6-4 shows a block diagram 
of a servomechanism loop from a computer 
(foUowup unit is a colloquialism for servo- 
mechanisms). The error detector computes a 
voltage proportional to the error. This error 
voltage is damped in the controller, amplified 
by the amplifier, and finally supplied to the 
servomotor for its controls The mechanical 
output is furnished by the motor and drives the 
rate generator. From this generator a voltage 
proportional to the output velocity is supplied to 
the controller. After being modified by the 
computing elements in the controller, the modi- 
fied Voltage is combined with the error voltage 
to stabilize operation and increase the accuracy 
of the servomechanism. 

TYPES OF GUTOANCE SYSTEMS 

The subject of missile guidance was intro- 
duced early in chapter 1, with a listing of the 



types of guidance followed by a history of the 
development of guidance systems. The guidance 
system is an important part in the descriptions 
of the individual missiles. At the beginning 
of this chapter, we classified missile guidance 
systems into two broad categories: missiles 
contndled by manmade electromagnetic devices, 
and those controlled by other means. 

All of the missiles which maintain electro- 
magnetic radiation contact with manmade 
sources may be subdivided into two further 
categories. 

1. Command guidance missiles 

2. Homing guidance missiles 

Command guidance missiles are those v^lch 
are guided on the basis of direct electromag- 
netic radiation contact with friendly control 
points. Homing guidance missiles are those 
which are guided on the basis of direct electro- 
magnetic radiation contact with the target. 
Command guidance generally depends on the 
use of radio or radar links between a control 
point and the missile. By use of guidance in- 
formation transmitted from the control point 
via a radio or radar link, the missile's flight 
path can be controlled. 

RADAR COMMAND GUIDANCE 

Radar command guidance may be subdivided 
into two separate categories. The first category 
is simply referred to as the command guidance 
method. The second Is the beam-rider method, 
which is actually a modification of the first, but 
with the radar being used In a different manner. 
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Figure 6-4-.Complete servomechanism loop block diagram for a computer. 
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RADIO COMMAND SYSTEMS. Radio has 
been used as a guidance link for such pur- 
poses as model airplane flying, steering model 
boats and cars, ccxitroUlng target drones, and 
even for maneuvering old battleships during 
bonibing tests. Therefore, vAien the questicxi 
of command guidance for missiles came up, 
radio Tvas among the first methods used. But 
once a radio command system v^s developed, 
a new prdblem arose— that of keeping track of 
the missile when it was beyond the range of 
normal vision. Radar can locate objects not 
visible by ordinary means. 

COMMAND GUIDANCE 

The term COMMAND is used to describe a 
guidance method In which all guidance instruc- 
tions, or commands, come from sources out- 
side the missile. To receive the commands, 
the missile contains a receiver that is capable 
of receiving instructions from ship or ground 
staticxis or from aircraft. The missile re- 
ceiver then converts these conmiands to guid- 
ance information, which is fed to the secticxis 
following the sensor unit. 

In the conmiand guidance method, radar is 
used to track the missile and the target. Guid- 
ance signals are sent to the missile by varying 
the characteristics of the missile tracking radar 
beam, or by the use of a separate radio trans- 
mitter. Figure 6-6 will give you an idea of how 
this method works in actual practice. As soon 
as radar #1 in the figure is locked (xi the target, 
tracking information is fed to the computer. 
The missile is then launched and is tracked by 
radar #2. Target and missile ranges, eleva- 
tions, and bearings are continuously fed to the 
computer. This information is continuously 
analyzed by the computer, which determines 
the correct fll{^t path of the missile. The 
guidance signals generated by the computer 
are sent to the missile via either the missile 
tracking radar or a radio command trans- 
mitter. They are subsequently converted into 
correction signals by the! missile computer 
network. The resulting control surface move- 
ment eduses collision with the target. 

The radar conmiand guidance method can 
be used in ship, air, or ground missile delivery . 
systems. 

BEAM-RIDER METHOD 

The main difference between thebeam«*rider 
method and ttie radar command guidance method 
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Figure 6-5.— Command guidance system. 

is that the characteristics of the missile track- 
ing radar beam are not changed in the beam- 
rider system. Rather than sending individual 
orders to the missUe via the tracking beam, 
the missile has been designed so that it is able 
to formulate correcticxi signals on the basis of 
its position with respect to the radar scan 
axis. Usually, only one radar is used in beam- 
rider systems. Ilierefore, this method lends 
itself extremely well to shipboard use. 

A^ computer in the missile keeps it centered 
in the radar beam. It locates the center of the 
beam and sends the necessary signals to the 
ccxitrdl system to remain in it. The radar 
system keeps the beam pointed at the target 
and, if desired, several missUes may ''ride'' 
the beam, simultaneouidy. Figure 6-6 illus- 
trate a simple beam- rider guidance system, 
a tyiiical line of sight (LOS) course. The ac- 
curacy bf this system decreases with range 
because the radar beam spreads out and it is 
more difficult for the missUe to remain in its 
center. If the target is moving, the missUe 
must follow a continuously changing path, which 
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Figure 6-6.-Slmple beam- rider guidance system. 
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causes it to undergo excessive transverse 
accelerations. 

A modified beam-rider system uses two 
ra Jrs, a target-tracking radar and a missUe 
guidance radar (fig. 6-7). The target-tracking 
radar feeds target data into a computer, which 
calculates a collision point at which the missUe 
will intercept the target. The second radar is 
pointed toward the calculated collision point 

'^"o'® beam. The 
modified-beam-rider system requires equip- 
ment ttiat is too large and complex for aircrit 
use, but is used on shipboard. 

Modified beam-rider systems are similar 
to command guidance systems. In both sys- 
tems, target information is coUected and ana- 
lyzed by suitable devices at the launching point 
or other control point, rather than by devices 
within the missUe. In both systems, the mlssUe 
makes use of the guidance dignals transmitted 
from the control point. 

The principal difference between radar com- 
mand guidance and beam- rider guidance is that 
tn the command system the guidance signals 

.fpecliic commands to the mIssUe to "turn 
left,", ''turn right," etc. the contrail triSS- 
0* a beam-flder guidance sycitem trans- 
Sr** not coinintods^ . It 

indicates the direction of the target or the 
c^culated polht of Interception. The^ldance 



system within the mIssUe must Interpret the 
information and then formulate Its own cor- 
rection signals. The missile Is said to "ride" 
the beam to the target. 

Hyperbolic Guidance 

Another command guidance method Is the 
so-called hyperbolic guidance. This method 
was designed prlmarUy for long-range surface- 
to-surface mlssUes. It depends on the loran 
principle. A loran system Is a modem elec- 
tronic aid to navigation which was developed 
prlmarUy for long-range navigation over water. 

3?!,*^'*®^'®*'"^'®'' t^ transmitting 

stations. These two stations are separated Iw 

iJi*^^® several hundred miles, and the 
geographic location of each station Is accurately 
pinpointed. The principle of loran Is based on 
the difference In time for pulsed radio signals 
to a.-rlye at a given point from these stations. 
Tlie^mlssUe makes flight path corrections on 
2 i*«e"nce of reception of 

JJJI "Slave" signals enimatlng 

from the two fixed transmitting stations. Cor- 
rections are made only In aalmuth by this 
metnodi ■ 

guidance system has not 
beftn used In any mlssUe and wlU therefore 
not be explained in detail. 
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Figure 6-7.-Modi?ied beam -rider guidance, 

HOMINQ GUIDANCE 

Homing guidance systems cont Oi *9 path 
of the missile toy a device In the mlnatW that 
reacts to som6 distihgtUshlng feature at the 
ta^eti The hottilng devices usuaity Ideated In 
the nosi; dirtetttf iwme type 6l pxlhiim given 
Off by the target; Homittg guid&tt^e AepetidB 
upon th^ l^ttitettiinice of electromagtietle r^la- 
tion cdhtact ' b«?weetf tt^^ aw* ^6 

TARQSTi, -''^Bbtiiid^ gti^ fhethdds my toe 
divided ttttb three types: i ACTIVE Ifoiaftg, 
8B!ifflAdTlVt fiotoltv ■ PASSlyis hcmlhg 
(fig* 6ii8)i AH tiire<> fhmy ui6 il?ad^^i:r^^^vre^t6^, 



Infrared is commonly used in passive homing 
against air targets. 

ACTIVE HOMING.-In active homing, the 
misyflc contains tooth a radar transmitter and 
receipt. With the transmitter it sends signals 
to strik6 the target. A nose antenna receives 
the return signal reflected from the target. 
Fi'om the time interval toetween the transmitted 
and i-ecelVed pulses, the computer calculates 
the distance to the target. The missile Is able 
to track the target and generate its own cor- 
rei^loh slgitals oii the basis of the tracking 
Ini^orixiatioh. 
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Figure 6-8.-HomIng guidance: A. Active hom- 
Ingj B. Semlactlve homingj C. Passive homing. 

SEMIACTIVEHOMINO.-In8emlacttvehom- 
ingj the target Is lUumlnated by a tracking 
radar at the launching site or other control 
point. The mlssUe Is eqpilpped with a radar 
receiver (no transmitter) and, by mdans of the 
rMlected radar energy from the target, formu- 
lates Its own correction signals as Itt the active 
homing method^ .J^-. ■ • 

PASSIVE HOMINa*^Passlve homing depends 
o^y on the target as a source of electromag- 
netic radiations. The heat and light sensors 



described earlier provide means of passive 
homing. Missiles may also be made to home 
on radar or radio radiations emanating from 
ships, aircraft, etc. Television Is another 
homing guidance medium which, whUe other- 
wise suitable for this purpose, has limited 
value because It can be used only In daylight 
and only ^when vlslbUlty Is good. One of the 
most common uses of passive homing Is In 
alr-to-alr mlssUes which depend on heat sen- 
sors. As In the other homing methods, the 
missile generates Its own correction signals 
on the basis of energy received from the 
target rather than from a control point. 

Homing Is the most accurate of all guidance 
systems because It uses the target as Its 
source for guidance error signals. Its superior 
accuracy Is shown when used against moving 
tergets. There are several ways In which the 
homing device may control the path of a missile 
against a moving target. Of these, the more 
generally used are PURSUIT homing and LEAD 
homing. These will be discussed In the chapter 
on homing guidance. 

COMPOSITE SYSTEMS 

No one system Is best suited for all phases 
of guidance. It Is logical then to cortblne a 
system that has excellent mldcourse guidance 
characteristics with a system that has excel- 
lent terminal guidance characteristics In order 
to Increase the nuniber of hits. Coniblned sys- 
tems are known as composite guidance systems, 
or coniblnatlon systems. 

Many mlssUes rely on coniblnatlons of the 
J^rlous types of guidance. For example, one 
type of mIssUe may ride a radar beam untU It 
Is within a certain range of a target. At this 
time the beam-rider guld&nce may be terminated 
«jd a type of homing guidance commenced. 
The homing guidance would then be used untU 
Impact with the target or detonation of a 
proximity-fuzed warhead. 

CONTROL MATRIX.- When composite sys- 
tems are used, components of each system 
must be carried In the missUe. Obviously, 
the sections must be separated so there is no 
Interaction between them and yet be located 
close to the circuits they are to control. In 
addition, some provision must be made to 
switch from one guidance system to the other. 

Control of the mIssUe guidance system 
may come ftrom more than one source. A 
signal Is set up to designate when one phase 
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of guidance is over and the neXt phase begins 
This signal may come from a tape, an elec- 
tronic timing device, or from a radio command. 

The device that switches control systems 
is caUed a control matrix. It automaticaUy 
transfers the correct signal to the control 
system regardless of conditions. If the mid- 
course guidance system should faU, the matrix 
switches in an auxiliary guidance system to 
hold the missile on course. Should the original 
midcourse guidance system become active 
again, the matrix will switch control from the 
auxiliary back to the primary system. 

If the target uses Jamming devices the 
matrix can switch to another guidance method, 
even in the terminal phase of flight. Several 
of our missiles have such sophisticated guidance 

systems. . . ^. ^ 

HYBRID GUIDANCE.-A combination of com- 
mand guidance and semlactlve homing guidance 
is termed hybrid guidance. It achieves many 
advantages of both systems. It attains long- 
range capabilities by maintaining the tracking 
sensors on the delivery vdilcle (ship, aircraft, 
or land base) and transmitting the data to the 
mlssUe. By having the mlssUe compute its 
own weapon line djrlve orders, the entire 
mechanization of the fire control problem can 
be simplified. 

Some texts caU the beam-rldlng guidance 
system a hybrid system. The modified beam- 
rider system Is similar to command systems 
with the commands , being used to position the 
antenna of the guidance beam rider and thus 
directing the mlssUe to the predicted point of 
collision. The missile must determine Its 
location with respect to the beam and must 
move to keep Itsdf In the center of the beam. 

SELF-CONTAINED GUIDANCE SYSTEB4S 

The self-contained group consists of the 
guidance systems In wblch all the guidance and 
control equipment Is entirely within the mlssUe. 
Some of the systems of this type are: PRESET, 
TERRESTRIAL, INERTIAL, and CELESTIAL- 
NAVIGATION. These systems are most com- 
monly, applicable to surface-to-surface mis- 
sUes, and , countermeasures are Ineffective 
against them; The system neither transmits 
or receives- signals that can be Janomed^ • 

Preset Gui<tence 

The term PRESET completely describes 
one guidance naethod^ When preset guidance 



is used, all of the control equipment is inside 
tiie missile. This means that before the mls- 
sUe is launched, all information relative to 
target location and the trajectory the missUe 
must foUow to strike the target must be calcu- 
lated. After this is done, the missUe guidance 
system must be set to foUow the course to the 
target, to hold the missUe at the desired alti- 
tude, to measure its air speed, and, at the cor- 
rect time, cause the missUe to start the termi- 
nal phase of its flight and dive on the target. 

A major advantage of preset guidance is 
that only limited countermeasures can be used 
against it. One disadvantage Is that after the 
mlssUe Is launched. Us trajectory cannot be 
changed from that ^Ich has been preset at 
the launch point. It Is relatively simple com- 
pared to other types of guidance; It does not 
require tracking or vlslbUlty. 

An early example of a preset guidance sys- 
tem was the German V-2, where range and 
bearing of the target were predetermined and 
set into the control mechanism. The earliest 
mod of the Polaris missUe was designed to 
use preset guidance during the first part of its 
flight, but this was soon modified to permit 
changing the course during flight. 

The preset method of guidance is used 
only agahist stationary targe^ts of large size 
such as land masses or cities. Since the 
guidance Information is determined completely 
prior to launch, this method would, of course, 
not be suitable for use against ships, aircraft, 
enemy mlssUes, or moving land targets. 

Navigational Guidance Systems 

When targets are located at great distances 
from the launching site, some form of naviga- 
tional guidance must be used. Accuracy at 
long distances is achieved only after exacting 
and comprehensive calculations of the flight 
path have been made. The mathematical equa- 
tion for a navigation problem of this type may 
contain factors designed to control the move- 
ment of the missUe about the three axes- 
pitch, roU, and yaw. In addition, the equation 
may contain factors that take into account 
acceleration due to outside forces (taU winds, 
for example) and the inertia of the missile 
itself. Three navigational systems that may 
be used for long-range missUe guidance are 
Inertial, celestial, and terrestrial. 

INERTIAL GUIDANCE.-The simplest prin- 
ciple for guidance is the law of inertia. In 
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aiming a baskefbaU at a goal, you attempt to 
give the ball a trajectory that wiU terminate 
In the basket. In other words, you give an 
Impetus to the ball that causes It to travel the 
proper path to the basket. However, once you 
have let the baU go, you have no iUrther con- 
trol over It. If you have not aimed correctly, 
or If tb.e ball Is touched by another person. It 
will miss the basket. However, It Is possible 
for the baU to be Incorrectly aimed and then 
have another person touch It to change Its 
course so It wUl hit the basket. In this case, 
the second player has provided a form of guid- 
ance. The Inertlal guidance system supplies 
the Intermediate push to get the mlssUe back 
on the proper trajectory. 

The Inertlal guidance method Is used for the 
same purpose as the preset method and Is 
actually a refinement of the preset method. The 
inertlaUy guided mIssUe also receives pro- 
grammed information prior to launch. Although 
there Is no electromagnetic contact between the 
launching site and the mIssUe after launch, the 
mIssUe is able to make corrections to Its night 
path with amazing precision controlling the 
night path with ACCELEROMETERS which are 
mounted on a gyro-stabUized platform. All 
in-night accelerations are continuously meas- 
ured by this arrangemeiilf and the mlssUe 
generates corresponding correction signals to 
maintain the proper trajectory. The use of 
inertlal guidance takes much of the guesswork 
out of long-range mlssUe delivery. The un- 
predictable outside forces working on the mls- 
sUe are continuously sensed by the accelerom- 
eters. The generated solution enables the 
mlssUe to continuously correct its flight path. 
The inertlal method has proved &r more 
relUble than any other long-range guidance 
method developed to date. 

Inertlal guidance Is so accurate that the 
submarine NautUus. on Its first cruise under 
the polar Ice cap, was able to use an Inertlal 
navigation system that was originally devel- 
oped for use in long-range guided mlssUes. 

ACCELER0METER8.Z3he heart <rf "e 
inertlal navigation system for ships and mlssUes 
Is an arrangement of accel(»r6meters \iAilchwill 
detect any change in vehicular motion. To 
understand the use of accelerometers in Inertlal 
guidance, let us first examine the principle 
of accelerometers in general terms. 



An accelerometer, as its name Implies. Is 
a device for measuring the force of an accel- 
eration. In their basic principles, such de- 
vices are simple. For example, a pendulum, 
free to swing on a transverse axis, could be 
used to measure acceleration along the fore- 
and-aft axis of the mlssUe. When the mlssUe 
Is given a forward acceleration, the pendulum 
WiU tend to lag aft; the actual displacement of 
the pendulum from its original position will be 
a function of the magnitude of the accelerating 
force. Another simple device might consist 
of a weight supported between two springs. 
When an accelerating force Is applied, the 
weight will move from its original position in 
a direction opposite to that of the applied 
force. The movement of the mass (weight) is 
in accordance with Newton's second law of 
motion, vlilch states that the acceleration of a 
body Is directly proportional to the force ap- 
piled, and Inversely proportional to the mass 
of the body. 

A simple lUustratlon of the principle In- 
volved in accelerometer operation Is the action 
of the human body in an automobUe. If an 
automobUe Is subjected to acceleration In a 
forward direction, you are forced backward In 
the seat. If the auto comes to a sudden stop, 
you are thrown forward. When the auto goes 
Into a turn, you tend to be forced away from 
the direction of the turn. The amount of move- 
ment Is proportional to the force causing the 
acceleration. The direction of movement In 
relation to the auto Is opposite to the direction 
of acceleration. } 

If the acceleration along the fore-and-aft 
axis«were constant, we could determine the 
speed of the mlssUe at any instant simply by 
multiplying the acceleration by the elapsed 
time. However, the acceleration may change 
considerably over a period of time.- Under 
these conditions, integration is necessary to 
determipe the speed. 

If the missUe speed were constant, we 
could calculate the distance covered simply by 
multiplying speed by time; But because the 
acceleration varies, the speed also varies. 
For that reason, a second Integration Is nec- 
essary. 

The moving element of the accelerometer 
can be connected to a potentiometer, or to a 
variable inductor core, or to some other de- 
vice capable of producing a voltage propor- 
tional to the dlspUcement of the element. 
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Figure 6-9.— Accelerometers in guided missiles. 



Usually there are three double-integrating 
accelerometers continuously measuring the 
distance traveled by the missUe in three 
directions-range, altitude, and azimuth, 
(fig. 6-9). Double-integrating accelerometers 
are devices ^ich are sensitive to accelera- 
tion, and by a double-step process measure 
distance. These measured distances are then 
compared with the desired distances, which 
are preset into the missUe; 11 the mlssUe is 
off course, correction signals are sent to the 
control system. ^ xi. 

Accelerometers are sensitive to the ac- 
celeration of gravtty as well as missUe ac- 
celerations. For this reason, the accelero- 
meters which measure range and azimuth 
distances must be mounted in a fixed position 
with respect to the puU of gravity. This can 
be done in a movtag mlssUe by mounting 
them on a platform which Is stabUlzed by 
gyroscopes or by star-tracking telescopes. 
This platform, however, must be moved as U»e 
mlssUe passes over the earth to keep the 
sensitive axis of each accelerometer in a 
fixed position with respect to the puU of gravity. 
These requlrementiB cause the accuracy of the 
Inertlal system tp decrease as the time .of 
ni^t of the missile Increases. 

To eliminate unwanted oscillations,' . a 
DAMPER Is Included In the accelerometer 
unit. The danqplng effort should be Just great 
enough to prevent any osclllatlpns from^oc- 
currUjg but still permit a significant dlsptace- 
ment of the jmass. When Ahls. condition e^^ 
the movement of the nmse wiU be e»ctly 
proportional to the accelerations of the vehicle. 



Figure 6-10 shows a mass suspended by 
one spring in a liquid-damped system. If the 
case experiences an acceleration in the direc- 
tion indicated by the arrow, the spring wUl 
offer a restraining force proportional to the 
downward displacement of the mass. The 
viscous fluid tends to oppose the movement ot 
the mass, and therefore damps Its action and 
prevents Its oscillation. By including an elec- 
trical plckoff in the system, we can measure 
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Figure e-lC—Llquld-damped system. 
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the displacement of the mass, \vhlch is pro- 
portional to force and acceleration. 

Figure 6-11 shows a system which is elec- 
tricaUy damped. The mass (m) is free to 
slide back and forth in relation to the iron core 
(c). When the vehicle experiences an accelera- 
tion, the voltage (e), ^ich is proportional to the 
displacement of the mass, is picked ott and 
amplified. The current (i) (stiU proportional to 
mass displacement) is sent hack to the coll 
around the core. The resulting magnetic field 
around the coil creates a force on the mass. 
yAAth damps the oscillation. In this system 
the acceleration could be measured by the dis- 
placement of the mass, by the voltage (e). or 
by the current (i). 

VARIATIONS IN ACCELEROMETER DE- 
SIGN.^There are actually many variations in 
accelerometer design. For example, one type 
of accelerometer depends on a change of induct- 
ance between two electrically excited coils. 
If one coil is attached to the mass and another 
to the vehicle, the inductance between them 
. will vary due to their relative movement brought 
about by vehicular accelerations. 

Another accelerometer uses wire strain 
gauges as the suspension elements for the mass. 




The strain gauges form the arms of a bridge. 
A change of acceleration causes a change of the 
electrical resistance of the circuit, giving an 
a-c output that is an indication of the ac- 
celeration. 

Still another type of accelerometer is the 
manometer. In this type (fig. 6-12), accelera- 
tions are measured by the electrolyte flow 
toward one or the other end of the manometer. 
This action provides current control between 
pairs of electrodes. The venturi shown in the 
figure damps the oscillations of the manometer 
by controlling the electrolyte movement. 

You will undoubtedly run across other types 
of accderometers; however, the basic princi- 
ples will always hold. 

CELESTIAL REFERENCE.«A celestial 
navigation guidance system isasystemdesigned 
for a predetermined path in ii*ich the missile 
course is adjusted continuously by reference to 
fixed stars. The system is based on the known 
apparent positions of stars or other celestial 
bodies with respect to a point on the surface of 
the earth at a given time. Navigation by fixed 
stars and the sun has been practiced fbr cen- 
turies and is very dependable. It is highly 
desirable for long-range missiles since its 
accuracy is not dependent on range. Figure 
6<-13 sketches the application of the system as 
it might be used for a guided missile. 

The missile must be provided with a hori- 
zontal or a vertical reference to the earthy 
automatic star tracking telescopes todetermine 
star- elevation angles with respect to the refer- 
encei a time base, and navigational star tables 
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Figure 6-li.-Electrlciaiy damped 
acpelerometer. 



O ■ 



33.132 



33.133 

Figure 6-12.--Manometer accelerometer 
with venturi damper. 
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mechanically or electrically recorded, A com- 
puter In the missile continuously compares star 
observations with the time base and the naviga- 
tional tables to determine the missile's present 
position. From this, the proper signals are 
computed to steer the missile correctly toward 
the target. The missile must carry all this 
complicated equipment and must fly above the 
clouds to assure star visibility. 

Celestial guidance (also called stellar guid- 
ance) was used for the Mariner (unmanned 
spacecraft) interplanetary missiontothe vicinity 
of Mars and Vemis. No guided missile system 
at present uses celestial guidance. 

TERRESTRIAL GUIDANCE METHOD.- Var- 
ious picture and mapmatching guidance methods 
have beep suggested and devised. The principle 
is basically the sanie for all. It .involves tiie 
comparison of a photo or map or the terrain 
over which the ihiasUe is flying with observa- 
tions of the terrain by optical or n^r equip- 
ment in the missile. On the basis of the com- 
parison (fig. 6-14); the missUe is able to cause 
the actual track to coincide ?vith the desired 
track. The system is, of course, quite com- 
plicated and is usable only against stationary 
targets such as large land masses andinduj^. 
trial areas* 

lUular mapnoatching will be described in a 

later chapter. 



PROPORTIONAL NAVIGATION. -This is a 
homing guidance technique in which the missile 
turn rate is directly proportional to the turn 
rate in space of the line of sight. The seeker 
(in the missile) tracks the target semi- 
IndependenUy tram the missile maneuvers. 
The control system used determines the flight 
path followed by the missile. 

APPUCATION OF NATURAL PHENOMENA 

Two types will be discussed briefly as 
applied, in missile systems: magnetic field of 
the earth, and Doppler effects. 

EARTH'S MAGNETIC FIELD 

Three characteristics of the earth's mag- 
netic field that are useful in missile guidance 
are: (1) lines of equal magnetic deviation, 

(2) lines of equal magnetic inclination, and 

(3) lines of equal magnetic intenstty. The 
magnetic deviation or declination is the angle 
between the magnetic and the true meridians. 
The magnetic inclination or dip is the angle 
from the horizontal. The dip varies ftt)m the 
horizontal at the magnetic equator to90degrees 
at the magnetic poleisi. 

Magnetic charts of the world are available 
which show the dip, the intensity of the hori- 
zontal component and of the vertical component, 
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Figure 6-14.~Terrestrlal guidance. 
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the total magnetic force, the north-south com- 
ponent, the east- west component, and the varia- 
tion. The earth's magnetic field is subject to 
changes in intensity and direction, and during 
magnetic storms the changes are unpredictable. 

Despite ail the possible and unpredictable 
variations, magnetic devices have been used 
for missile guidance* The German V-1 used 
a magnetic compass as part of its guidance 
system. The magnetic compass controlled the 
missile In azimuth only; its altitude was con- 
trolled by a barometric altimeter, and its range 
by an air log. This was a relatively simple 
but rugged guidance system that could guide 
the missiles to a selected geographical area 
but could not pinpoint targets, and could not 
be used against moving targets* 

A refinement of the magnetic compass is 
the flux valve. The flux valve consists of 
primary and secondary windings on an iron 
core. The primary is stqpplied with a-c of a 
fixed voltage and treqfxency. When no external 
magnetic field is present, the device acts as a 
simple transformer; the frequency of the sec- 
ondary voltage is the same as that of the input 
voltage. But when an external field is present, 
it win alternately add to mi subtract from the 
field generated Iqr the primajry current (hiring 
successive hiaai-cycles. As a result a second 
harmonic, at twice the inpiit frequency, is 
8iq;)erimposed on the output voltage. If the 



nux valve is properly aligned with the external 
magnetic field, the amplitude of the second 
harmonic voltage will be proportional to the 
strength of that field. 

In figure 6-lSA and B, you will see that 
the number of flux lines set up by the earth's 
magnetic field will vary in three spider legs, 
depending on the heading of the missile. By 
exciting the core with an a-c current, these 
flux lines may be caused to alternate back and 
forth across the pickoff coils. The Induced 
current in each pickoff coil will then be pro- 
portional to thd number of flux lines cutting 
that coil. The resultant of the Induced currents 
will be proportional to the amount of preces- 
sion of the gyro away from the original mag- 
netic heading. Again^ an amplifier and torque 
motor are used to essBxt a force on the gyro, 
the force being equal and opposite to the force 
of precesision. 

The flux valve is sometimes called a ttux 
gate compass. Because of the physical arrange- 
ment of the cores, only one possible coniblna- 
tlon of voltageis will calst for any given con^)ass 
heading. It is a type of gyrostabilized magnetic 
compass. A gyrostabilized magnetic compass 
is one in which the magnetic compass element 
is stabilized by a vertical gyro so that it meas- 
ures only the horizontal component of ttie earth's 
magnetic field. A gyromagnetic compass con- 
sists of a gyroscope which is positioned by a 
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Figure 6-15.-F1UX valve: A. MissUe heading north; B. MissUe heading east. 
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magnetic compass. Its function is to ihalntain 
a steady directional indication. 

DOPPLER PRINCIPLE 

The Doppler effect is a change in the 
observed frequency of sounds lig^t^ or other 
waves/ caused by the motion of the source or 
of the bbserver. A fomiliar example is the 
increase or decrease In soimd waves, as of a 
train whistle. As the train approaches, the 
pitch (frequency) of the ixdiistle increases, 
and appears to decrease as the train' passes 
and moves into the distance. The effect is 
based on the fitct that the listener perceives 
as frequency the nunlber of sound waves ar- 
riving per second. The acoustical Doppler 
effect varies with the relative motion of the 
listener and the isource, and the medium through 
whldii ithe sound passes. The optical Doppler 
effect is sin^r to the acoustical Doppler 
effect in some ways but is definitely different 
in three ftmdamie^ 

1. The optical ftequency change does not 
depend upon w^ it is the source or the 
observer that is moyiii« to ttie 

other. 



2. An optical frequency change is observ- 
able when the source or the observer moves 
at right angles to the line connecting the source 
and the observer. (No acoustical change in 
this case.) ^ ^ 

3. The motion of the medium through vAiich 
the waves are propagated does not affect opti- 
cal frequency. 

The laws affecting light and other electro- 
magnetic waves, applied to radar, gave us 
the Doppler radar system to measure the 
relative velocity of the system and the target. 
The operation of ; those systems is based on 
the foot that the Doppler frequency shift in 
the target echo is proportional to the radial 
component of the target velocity. One homing 
guidance system makes use of doppler princi- 
ples. "^"^ 

Doppler homing equipment can be divided 
into two groups— FM-CW doppler systems, 
and pulse doppler systems. There are major 
differences in the circuitry of the two systems. 
In the FM-CW system, the frequency of an 
ediS'sic^nal has a relationship to the speed of 
the target with respect to the receivtaig an- 
tenna. This echo signal can be converted into 
an indication of target velocity with respect to 
the missile. 
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The difference between the frequency of the 
transmitted signal and the frequency of the 
echo is due to the doppler effect. 

This principle is illustrated in figure 6-16. 
Note that the received wave from a distant 
moving 6bject is shifted both to the right and 
upward with respect to the original transmis- 
sion. Consequently, the beat frequency will 
be alternately very small and very large on 
succeeding half cycles. The sum of the two 
different values of beat frequency thus produced 
is a measure of the distance of the missile 
f^m the target and the difference between the 
two values of beat frequency is a measure of 
velocity of the missUe with respect to the 
target. 

Thus frequency-modulated radar determines 
the distance to a reflecting surikceby measuring 
the frequency shift between transmitted and 
reflected waves. 

When the two signals are mixed in an 
electronic circuit, the circuit will develop a 
''beat" frequency equal to the difference between 
the two signal frequencies. The beat note 
developed in this manner will have a pitch 
that is proportional to the relative velocity 
between the target and the radar antenna. To 
eliminate the possibUity of homing on objects 
other than the target, a band-pass filter (which 
will pass only a narrow band of frequencies) 
is inserted in the control circuit to eliminate 
interfering signals. 

A receiver which is automatically tuned 
over the frequency range passed by the filter 
is used to choose and lock on a target. An 
automatic frequency control (AFC), in the 
missile receiver, . maintains the receiver on 



the selected target. At the closest approach 
point to the target, the doppler shift becomes 
zero because there is then no relative motion 
between the missile and the target. The 
zero shift can be used to detonate a missile 
and destroy a target that would otherwise 
be missed. This system does not provide 
a means of range measurement. If this fea- 
ture is desired, additional circuits are re- 
quired. 

A pulsed doppler system performs the same 
functions as an FM-CW system and, in addi- 
tion, can select a target by its range. Like 
other pulsed radar systems, it has greater 
operating range for a given average power 
output than a CW system. 

The guidance control signals are sent as a 
series of timed pulses. The receiving system 
in the missile must contain circuits that will 
match the transmitted pulsies in both pulse 
timing and r-f cycles. The matching is ac- 
complished in electronic circuitry known as 
the ccdierent pulse doppler system. In this 
system the transmissions are short pulses at 
a repetition frequency that can be continuously 
varied. Low-intensity power, which is used to 
obtain lAiase cdierence between successive 
pulses, is generated by the stabilized local 
oscillator. A duplexer provides low-impedance 
paths to keep the oscillator energy in the de- 
sired circuits. 

The stabilized oscillator also provides a 
suitable local oscillator signal which is mixed 
with the receiver signals to generate a re- 
ceiver intermediate frequency. The doppler 
receiver contains a type of fUter, called a 
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Figure 6-16.-Doppler effect on frequency modulation (sawtooth wave). 
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velocity gate, vrtiich 
doppler frequencies. 



filters out all undesired 



Velocity-Damping Doppler Radar 

A Doppler radar used fDr velocity damping 
of an Inertial system is somewhat different 
frpm the homing type of Doppler. Thevelocity- 
damping Dqppler requires antennas to measure 
the forward and lateral con^nents of velocity. 
These antennas have to be direction stabilized 
so that the velocities along, and normal to, 



the flight path can be measured to nullify errors 
that a drift angle creates. 

The antenna mounting has two antennas 
looking down and forward at a slight angle 
away from the roll axis of the missile. A third 
antenna looks to the rear. A comparison 
between the signals from the two front antennas 
is used to align the direction of the missile* 
A comparison between the forward and rear 
antenna signals gives the forward velocity;. 
Drift is computed from the angle between the 
antennas' fore and aft axis and aircraft heading. 
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COMMAND 



INTRODUCTION 

GENERAL 

For maximum effectiveness, the FIRST mis- 
sile fired at a target should strike that target. 
Cost, size, and the necessity for surprise 
prohibit the firing of ranging shots (as is done 
with gunfire). 

To strike the target on the first shot, tiie 
trajectory of the missile must be accurately 
contrcAledt This control is necessary because 
forces, natural or otherwise, can cause the 
missile to deviate from its predetermined 
course. Even though it functions perfectly, a 
missile without accurate guidance may miss a 
selected fixed target by several mUes. Moving 
targets can take evasive action; without guid- 
ance, the missile would be unable to compen- 
sate for this action. Therefoz'e, ah accurate, 
fast-acting guidance system is of prime im- 
portance* 

As with other guidance techniques, applied 
command systems vary from simple to complex. 
However, command systems can be the simplest 
of all the techniques considered. Command 
guidance was therefore the first guidance system 
to be demonstrated, both on the surface with 
remote control of boats, tanks, and cars, and 
in the air with remote control of drone aircraft 
and glide bombs. Command guidance is the 
most broadly applied of all the guidance tech- 
niques that we will discuss. It is used for con- 
trol of many mechanisms other than guided 
missiles. 

Current missiles controlled by command 
guidance include Boinarc, Bullpup, and Nike. 

A review of the history of guided missiles 
(chapter 1) will recall the names of early 
missiles, drone aircraft, and glide bbm(b9ibat 
used command guidance or a combination of 
conunand guidance aiid some other type, such 
as preset. The Germans had several versions 
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of conunand-guided missUes and glide bombs 
which they used with effectiveness in World 
War n. 

DEFINITIONS 

COMMAND GUIDANCE means that inteUi- 
gency (in the form of commands) is transmitted 
from an outside source to the missile while the 
missile is in flight to the target. Missiles 
which use command guidance are guided by 
direct electromagnetic radiation from a 
FRIENDLY control point. 
^ A command guidance system incorporates 
two links between the missUe and the control 
point. 

One, an INFORMATION LINK, enables the 
control point to determine the position of the 
missile relative to the target; the other, the 
COMMAND UNK, make^ it possible for the 
control point to correct any deviations from the 
desired path. 

PURPOSE AND APPUCATIONS 



The purpose of any guidance system is to 
secure direct hits on a selected target. Per- 
fect performance is difficult to obtain because 
of natural disturbances and, in wartime, enemy 
couhtermeasures. However, because command 
guidance makes it possible to change the flight 
path of the missile by signals from the control 
point, most of these difficulties can be over- 
come. 

COMPONENTS 
Missile Conq)onents 

The command guidance equipment compo- 
nents that ariB built into the missile will be 
determined by the guidance system being used. 
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The most complex guidance system has a tele- 
vision camera, television transmitter, radio 
command receiver, and the tcxie filter equip- 
ment built into the missile. 

A relatively simple guidance system, so far 
as total equipment in the missile is concerned, 
is based on a radar transmitter that sends 
guidance commands to the missile on the 
tracking radar beam. With this system, only 
a receiver for the radar pulses is needed in 
the missile. The output of the receiver con- 
trols activating circutts that function Mrtien 
pulses of the correct amplitude and sequence 
are received. 

The most widely used command guidance 
system uses a radar tracking imit and a radio 
command link. The missile contains a fre- 
quency modulated (fm) receiver and audiofre- 
quency (af) channel selectors. 

Launching Station Components 

The missile course computer, missile 
tracking radar, missile plotting system com- 
ponents, and the command transmitter are 
located at or near the launcher. These, and 
the guidance components in the missile, are 
discussed later in this chapter. 

OPERATION OF A TYPICAL SYSTEM 

When command guidance is used, a ground, 
shipboard, or airborne station determines the 
position of the missile by radar tracking equip- 
ment or other means. It determines the error, 
if any, between the actual position of the mis- 
sile and the desired position. It then sends out 
control impulses (commands) to bring the mis- 
sile to the desired course. 

If the flight path is long, and a large part of 
the path is over friendly territory or waters, 
several stations might track the missile as it 
comes into their range. These stations would 
ttien send commands to the missile to correct 
any deviations from the desired course. 

A typical conunand. guidance system might be 
used to control a surface-to-surface missile 
fired by a ship against a fixed installation 
ashore. The missile, during the early part of its 
flight, would be tracked by radar ^ard ^e 
firing ship. Because the gedgit^phical ibcatidlii 
of the target and the firing ship are both known, 
the required missile course can be accurately 
calculated. Information from the missile- 
tracking radar may be fed to a computer, or It 



may be plotted on a visual display, or both. 
When the tracking data indicates that the mis- 
sile has turned from its calculated course, 
commands can be transmitted to return it to 
the desired course. The commands to the 
missile are transmitted by a radio transmitter 
in a radio conmiand system and by a radar 
transmitter in a radar command system. For 
long-range command guidance missiles, control 
can be shifted from the launching ship to ships 
or aircraft down range. 

INFORMATION LINKS 

The use of command guidance requires an 
accurate knowledge of the missile position, 
since all guidance comes from outside the mis- 
sile. This knowledge is obtained through infor- 
mation links. The accuracy and dependability 
of t^e Information link determines to a great 
extent the overall accuracy of the complete 
system. 

The Informaticxi link enables the control 
point to determine the amount of error existing 
between the actual position of the missile and 
the desired positicxi. Once this is known, cor- 
rection signals can be sent to the missile. 

Information links may use optical or elec- 
tronic observation methods. 

OPTICAL OBSERVATION. The optical, or 
visual, command guidance system has limited 
value, since the missile must always be visible 
from the command station. Such a system 
might use the unakled eye, telescopes, or op- 
tical rangefinders. But these devices are not 
effective at long range; and smoke, fog, clouds, 
or darkness make them useless. Some target 
drones and air-launched missiles still employ 
an optical 6b&ervation link. 

ELECTRONIC OBSERVATION. Much effort 
has been expended to develop an accurate and 
dependable electronic informatton link. A num- 
ber of electronic systems have been designed 
and tested. The limitations of each system 
have been/determined, and continuing efforts 
are being made to improve the most promising 
systems. Electrcxiic observation is accom- 
plished by radar both in the radio command 
and radar command guidance systems. 

COMMAND LINKS 

The equipment used to send conmiands to a 
missile' may be compared to a radiotelephone 
circuit between a piloted plane and a ground 
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station. Instead of voice communications, the 
instructions are sent as a single pulse or a 
series of spaced pulses. The pulses may be 
modulated or unmodulated, depending on the 
complexity of the system in use. 

In other words, missUe functions (dives, 
turns, etc.) are controlled by either radio or 
radar commands. 

Wire links were used in some early mis- 
sUes as command links, and are presenUy 
used in an antitank weapon. The German X-4 
missUes (air-to-air) used in World War II 
had wire links. Limitations on the use of 
wire guidance for supersonic missiles are 
obvious. The signals cannot be jammed, but 
a very limited length of wire can be unrolled 
and trailed behind a missile. 

COMPONENTS AND FUNCTIONS 

Insofar as guidance is concerned, the prin- 
cipal functions prescribed for command sys- 
tems are the sighting and tracking means, 
computation of flight path error, communication 
of this intelligence to the missUe, and sensing 
and responding mechanisms in the missUe to 
effect night path correction. In the command 
guidance system, measurement of relative 
position and motion of missile and target are 
accomplished at a location outside the missUe. 
Computers perform the calculations. The 
information gained must be sent to the missUe 
in the form of commands to correct missUe 
position with relation to the target. 

Except at short ranges where visual detec- 
tion and tracking of targets is possible, radar 
detection and tracking is the meUiod used. 
Detection, lock-on, and tracking are the normal 
sequence. Continuous monitoring of a moving 
target is necessary. Detection may involve 
search, identification, designation, and acmiisi- 
tlon. ^ 

The function of the computer is to generate 
command signals that will result in collisioh 
of the missUe with the target. From the 
position and.rate information received from the 
radar trocktag system, the computer predicts 
the optimum point of intact, and isehds the 
steering signals to the missile to cause it to 
fly the Indicated course. 

Figure 7-1 is a block diagram of the com- 
ponents ,<rf a generalized conunand guidance 
system. Many variations are possible. The 
local missUe guidance system contains prin- 




83.22 

Figure 7-l.~Generalized command guidance 
system: A. Ground (shipboard) station com- 
pments; B. MissUe components with con- 
necting link. 



cipally the receiver-demodulator (detection) 
servodrive for airframe control menibers, the 
airframe itself, and autopUot feedback for 
stabUlzation and reference. MissUe sensing 
and tracking equipment (tracking radar, fig. 
7-1) . locate the missUe by measuring its posi- 
tion and motion, Obtaining information on mis- 
sUe range and time derivatives. Guidance 
commands are computed from this information. 
The integrated range and angle information 
usually requires coordinate conversion before 
delivery to the computer. Requirements for 
target sensing and tracking are similar. 

The conmiaM signals generated by the com- 
puter are sent to the receiver in the missUe 
vid the command link, -vdiich usually is a 
radio link. Guidance intelligence is derived 
in the niissUe by demodulation of the modulated 
radio fjrequoicy carrier. The electrical Infor- 
Wtlpn is converted to mechanical displacement 
of the airframe control menibers, the airframe 
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Itself, and the autopilot feedback lor stabiliza- 
tion and reference, correcting tixe missile 
night path. 

The type of trajectory required for the 
tactical situation Influences the response ot the 
elements of the guidance system. Besides 
steering Instructions, the command link ncxy 
be required to transfer other information to 
the missile, such as arming, receiver gain 
setting, detonation of warhead near the iai^ret, 
or self-destruction. Carrier frequency rnd 
power requirements must be .Tuited to the 
effective range In which the missile system 
is to be applied. 

The N block in figure 7-1 is the commoii 
reference direction, such as "up/' which mubt 
be established for the control loop and main- 
tained throughout the control period* It takes 
the place of the pUot In keeping the mit^sUe 
correctly oriented. The prealignment of the 
missile gyros establishes this reference. 

TRANSMITTERS. Early target drone com- 
mand transmitters were simple one-tube units 
that sent out a pulse when keyed by the opera- 
tor. This system made it possible to control 
the rudder. But to control engine speed and 
altitude, additional transmitters turned to other 
frequencies were required. As a result, the 
system became so large and complex that it 
was unsuitable. Consequently, work was started 
on a simpler, more reliable transmitter that 
would reduce the number of radio-frequency 
(RF) channels needed for command guidance. 
The result of this work is the modem command 
guidance transmitter, which is similar to any 
medium power PM (phase modulated) trans- 
mitter* 

RECEIVERS.-In early missile systems, re- 
ceivers used for remote control were simple 
one-tube superregenerative sets. A relay was 
connected in the plate circuit of the tube; 
when a signal was applied to the input of the 
tube, its plate current changed and operated 
the relay. The closing of the relay contacts 
activated another circuit which moved the con- 
trol surfaces; 

The disadvantage of this pystem is that 
separate receivers are required for each con- 
trol function. In addition, the superregenera- 
tive receiver, in tts most sensitive conditlpn, 
is a low-powered transmitter that could inter- 
fere with other receivers iti the missile. 

But receiver developmei^^ kept pace with 
transmitter development, axid simple one-tUbe 



sets were replaced by superheterodyne receiv- 
ers. These sets are identical to standard 
frequency-modulation (FM) receivers (PM can 
bo picked up by an FM set) up through the 
discriminator stage. 

The receiver is in the missile and therefore 
its size and weight are important considera- 
tions. Designers aim toward the reduction in 
size and weight of the components that are 
placed in the missile. 



TYPES OF COMMAND GUIDANCE 

Command guidance may be exercised by 
one or more ground stations, shipboard sta- 
tion©, or aircraft. The guidance point Influ- 
ences the type of command guidance used. 
Since all conmaand systems are subject to 
enemy Janmilng cl the control circuit, the 
closer the missile can be launched to the target 
the better. A shorter time required for the 
missile to travel from the launcher to the 
target means less time for the enemy to Jam 
the controls. 

Electronic conmiand guidance systems are 
divided into four principal groups: television, 
radio radar, and hyperbolic. Within each group 
are one or more subgroups. The paragraphs 
gives a brief introductioa to each group. 



TELEVISION GUIDANCE SYSTEM 

Television command guidance is well suited 
for some missions where the control point is 
in a mother aircraft. The control aircraft 
can stay out of range of hostile antiaircraft 
defenses and yet launch the missile reasonably 
close to the target. Because the target is 
picked up by the missUe's TV camera before 
the missile is launched from the aircraft, 
the personnel in the plane can see the target 
through the missile camera from the time the 
target is first picked up until the missile 
strikes. Because of the close i*ange at the 
time of firing, the system is quite accurate; 
ij^ because of the short time between launch- 
ing and striking, there is less chance of enemy 
Jamming. But this is essentially an optical 
system, awl is not suitable for use when the 
target is 6bscured by overcast, smoke, fog, 
or darkness. 
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RADIO AND RADAR COMMAND 
GUIDANCE 

These two systems are much alike. Each 
is based on a transmitter at the control point, 
and a receiver in the missile. The transmitter 
sends out a carrier wave, which is modulated 
in accordance with the command signals. The 
receiver interprets the modulation so that the 
missile can execute the transmitted conmiands. 
The two systems differ in two ways. First, 
radar operates at a hifi^er frequency. Second,, 
the radio transmitter usually sends out a con- 
tinuous carrier wave, whereas the radar trans-* 
mitter sends out its signals in the form of 
short pulses, with resting intervals between. 

HYPERBOLIC GUIDANCE SYSTEM 

A hyperbolic guidance system can be used 
for both long and short range missile guidance. 
It consists of master and slave stations that 
send out low-frequency pulses at constant in- 
tervals. The slave station is tr^gered by 
the master station, and sends out its pulses a 
few microseconds after the master pulse is 
transmitted. These pulses are picked up by 
receivers in the missile and fed to an auto- 
matic computer in the missile. The computer 
then establishes the missile position by an 
imaginary line of position set up by the master 
and slave stations. Hyperbolic guidance is 
not used by any missiles and will not be 
discussed further in this course. 

Long range hyperbolic navigation was de- 
veloped primarily for long range navigation 
over water and for aircraft. LORAN (LOng 
RAnge Navigation) makes use of a master 
radar station and one or more slave stations 
separated by several hundred miles. A form 
of loran is used by the Matador missile. 



RADIO COMMAND SYSTEM 
BASIC PRINCIPLES 

A radio command system contains a means 
of accurat^y determining the missile position 
in relation to the control station, the target, 
and the desired trajectory. A computw is 
usually used to determine the error between 
the actual missile position and the desired po- 
sition. A command transmitter is located at 
the control point, and a receiver is contained 



in the missile. The receiver activates the 
missile control circuits when it receives com- 
mand signals from the transmitter. This 
equipment makes it possible to follow the mis- 
sile's flight and correct for errors which would 
cause a miss. 

Many of the early missiles were radio 
controlled. The use of radio for command 
guidance of high-speed missiles makes it nec- 
essary to use a transmitter that can do more 
than send simple ON-OFF pulses(Bang-bang con- 
trol). Further experimentation with missiles led 
to the successful use of tone channels. By modu- 
lating the transmitter with various audiofrequen- 
cies it became possible to control many missile 
functions by using only one carrier frequency 
and therefore only one r-f transmitter and 
receiver. Each of the audiofrequencies was 
made to represent one particular function such 
as fly right, fly left, etc. Whereas the miniber 
of operations capable of being handled by the 
system of multiple receivers was only about 
four, the modulated system was capable of 
handling twenty possible functions. 

Tone systems, however, were troubled by 
- interference from outside sources. Radiofre- 
quency waves modulated by the same frequen- 
cies as those used by the missile (but not 
associated with the missile guidance system) 
would sometimes cause unwanted actuation of 
the missile controls. An attempt to prevent 
this interference was made in using an f-m 
system. However, outside f-m interference 
also caused difficulties. Finally, a system was 
developed vAiich used coded tone pulses. In 
this system a particular missile function would 
occur only on the missile's reception and 
recognition of a specific series of pulses at 
the correct tone. The chance that random or 
intentional interference would exactly duplicate 
the coded pulses in this type , of system is 
minimized, 

APPUCATIONS 

Radio command ^ guidance may be used to 
control missiles aimed at ground or air targets 
from surface sites or from aircraft. The 
controlled missile may be of any of the follow- 
ing types: surface-to-surface, surface-to-air, 
alr-to-surface, or air-to-air. A recent use 
is in spacecraft boosters to replace inertial 
guidance systems. It permits a considerable 
reduction in weight. 
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Missiles that are used agaiost moving 
targets usually have another form of guidance 
for part of the trajectory. The Nike is an 
example of such a missile. Many of the 
glide bombs in the World War II era were 
radio controlled, as were target drones, 

LIMITATIONS 

The limitations of a radio command system 
are imposed by transmission conditions, dis- 
tance, and enemy countermeasures. Early 
systems, ^ich used AM tone modulation, had 
additional limitations. As an example, an in- 
terfering signal containing the control-tone 
frequency would cause the missile control sur- 
faces to act. Often harmonics or sideband 
frequencies of voice-modulated carriers would 
upset the whole control system. 

The use of PM ({diase modulation) elimi- 
nated a large part of the voice interference, 
but manmade interference with PM character- 
istics could still affect the control system. 
This disadvantage was overcome by using 
coded combinations of tone channels. With this 
system, no control operation can take place 
unless the proper tones appear at the missile 
receiver in the correct order and spacing. The 
adoption of this control method practically 
eliminates the chance that an interfering signal 
will duplicate the control combination. 

COMPONENT OPERATION 

Radio Command Transmitter 

Figure 7-2 shows a block diagram of the 
type of radio command transmitter iised to 
modem systems. Hie master oscillator is 
crystal-controlled and provides a yeiry stable 
carrier frequency. Accurate fre(^ehcy control 
is of prime importance sihcejtte command 
receiver in the missile is tuned to the com- 
mand frequency before the missile is fired, 
and the receiver tuning cannot be chs^ 
yAiile the missile is in night. I^^^^^^^ 
the trsms^tterOfreqp^ 

or the command link'w^ ' ^ - . 

The 'putinii of ti^ )»iUt 
up by r^f aniplfflferCs^ 
stages ^operate > siSv!i^iB^g^^ 
the (vuipui 
lyf'pq^ver^ 

TliAIOlSnTT^ 
PM ifesUliMi^l^^ 
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Figure 7-2.— Phase modulated radio 
command transmitter. 



power, and cost, since modulation takes place 
at a low level and requires less audio power 
that does high level AM. 

Modulation is in the form of tones that are 
generated by tone generators. Starting at the 
input of the transmitter, each a-f tone genera- 
tor may be keyed separately or in combination 
with others. The tone generator outputs are 
fed to an audio mixer circuit and, as a result 
of the mixing, a composite tone appears at the 
output of the mixer stage. 

The composite tone is fed to an audio 
preemphasis network. The network builds up 
(emphasizes) the higher audio frequency com- 
ponents of the composite signal", which are 
later deemphasized in a network of opposite 
characteristics in the receiver. This action 
is desirable because atmospheric noise usually 
consists of high frequency components. Because 
the noise appearing with the signal consists of 
high frequency compcbents, preemphasis is 
used only on the high frequency tones, and 
thus causes the signal-to-noise ratio to remain 
more constant throughout the audio range. 

As shown in figure 7-2, the 
from the preemphasis network is fed to the 
phase modulator stage, iii^ich Is connected be- 
tween the ctystaloscillator^^^^^^ first fre- 
quency^ nudtiplierj 8^ After ^modulation, the 
fundamentalrfoiBqum^ 
fied iaii in^any^ 
: to th^ ' 

' lii^ litidersi^ 
(PM)\t^ reinen^ 
tiiki/Uie hrequency^ an' aiieim lif 
deternii^ rate kt wftich its {i^^ 
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chajnges. If the phase of the current In a cir- 
cuit is changed, there is an instantaneous fre- 
quency change during the time that the phase is 
being shifted. The amount of frequency change/ 
or deviation, depends on how rapidly the phase 
shift is accomplished. It also depends on the 
amount of phase shift. In a properly operating 
PM system, the amoimt of phase shift is pro- 
portional to the instantaneous amplitude of the 
modulating signal? The rapidity of the phase 
shift is directly proportional to the frequency 
of the modulating signal. Consequently, the 
frequency deviation to pm is proportional to both 
the amplitude and frequency of the modulating 
signal. Thus the crystal oscillator output signal 
is varied in both amplitude and phase by the 
modulating signal. 

The rf section of the transmitter operates 
continuously, but is modulated only when one or 
more of the tone generators are operated by 
the key er section. 

Missile Receiver 

The receiver in the mission is the conven- 
tional f-m receiver shown in the block diagram 
in figure 7-3. An addition to the conventional 
receiver is the carrier fill relay. When the 
Incoming carrier signal falls below a specified 
value (thus becoming unreliable)^ the foil relay 
is actuated. The operation of this relay may 
cause self-destruction loif the missile or keep it 
on present course (depending on the desired 
objectives). 

After an4>lification, the discriminator (de- 
tector) output is applied to the a-f selector 
channels.; There is one selector channel for 
every tone that the transmitter may send. The 




selector channel, a breakdown of which is pre- 
sented in figure 7-4, is usually an amplifier 
with a band-pass filter at the input and a re- 
lay in the plate circuit. 

USE OF TONE CHANNELS.-Thediscrlmln- 
ator output is fed to a-f channel selectors and 
there is one receiver channel selector for each 
tone the transmitter may send. 

The sections of an a-f channel selector are 
shown in figure 7-4. A sharply tuned band- 
pass filter (one that passes certain frequencies 
better than others) is at the input of an ampli- 
fier stage. 

The grid bias of this stage is adjusted so 
that plate current is cut off when no signal is 
being fed to the stage. When a signal is applied 
to the input of the stage, the effective grid bias 
is reduced to the point ^ere plate current 
flows. The change in plate current operates 
the relay; its contacts close, and activate the 
missile control surfaces in accordance with 
the commands. 



Proportional Control 

Thus far, we have discussed radio command 
guidance from the standpoint of on-off (bang- 
bang) control. In some missiles, radio com- 
mands are used Inproportional control of missile 
functions. For example, throttle control, turn 
control, and pitch control may be gradually 
varied in proportion to the varying character- 
istics of the radio command signals. Usually, 
pulse width is varied with pulse repetition rate 
(PRR) remaining constant. By manipulating con- 
trols at the command station, varytag voltages 
are produced. These voltages are converted to 
varying width gated signals from subcarrler 
pscillatbrs. The gate widths are directly pro- 
portional to the desired changes in missile 
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function. The missile will interpret the grad- 
ually varying characteristics of thesubcarriers 
and respond by correcting pitch, heading, and 
throttte control in proportion to those variations. 

LAUNCHING STATION COMPONENTS 

MISSILE COURSE COMPUTER. Ordtoary 
forms of missile course determination require 
a large number of calculations, and consider- 
able time. Since calculations are time con- 
suming, and since speed is an absolute neces- 
sity, electronic course computers have been 
developed for this use. , ^ 

The computer, located at or near the launch- 
ing site, performs two ^functions. First, it 
determines the course that should be followed 
by the missile during its flight to the target. It 
then compares this desired course with the 
actual course of the missile, as determined by 
the tracking radar. Any deviatipn between the 
two is instantly detected, and an error signal is 
sent to the command transmitter keying unit. 
The Keying unit modulates the transmitter with 
the desired tone and spacing sequence. When 
these signals are picked up by missile receiver, 
the proper control surfitces are activated to bring 
the missile back oh course* 

BOSSILE TRACKING RADAR. When com- 
mand guidance is used, the position of the mis- 
sile in relation to the control point, desired 
course, and the target area must be known at 
all times. 

Since radar can provide Information as to 
range, elevation, and direction, it is wdl suited 
for shorts and medium-range missile tracUng. 
In general, xnissile-tracddng radars use/^the 
same principles as search, fighter-director, 
and fire control radars. 

Radar rangtag is accomplished by ttane 
measurement. The range is found by measur- 
ing tinie lapsed time between the transmission 
of a pulse and th^ arrival of the echo r^ected 
from the missile. Radar waves travel at the 
speed of light (186,000 miles per second). The 
distance, to the tai^et is fc^ 
the dapMKl ttme^^l^ ^ve 
and then dividing ttie^^ 
sion by two is necessary becau^ 
. time includes time out and time bacl^ so that 
tlib actujU^ t^ to :t^ the 

^ : ^ The :tt 
skrtedi^^lh 

aclibh^^i^^ Vtlnrfiigi^i^ 



modulator sectioni which in turn produces the 
high-voltage output pulse. 

The same trigger pulse is also sent to the 
range unit, and starts its time- measuring de- 
vice. After a short, fixed delay, the range unit 
forms a range gate. The gate is developed by 
a voltage which is present during a relatively 
short part of the main time cycle. This voltage 
is applied to the gain control circuit of the re- 
ceiver. When the range-gate voltage is present, 
the receiver gain is high; during the rest of 
the time cycle, the gain is very low. Thus, when 
the range gate is ''open,'* signals picked up by 
the antenna will pass through the receiver; 
yNhen the gate is ''dosed,'' they will not. 

A definite time id reqpiired for the trans- 
mitted signal to reach the missile, and for the 
reflected signal to return. The total time de^ 
pends, of course, on the range of the missile. 
The timing circuits can be adjusted to open the 
range gate shortly before the reflected signal 
is due to reach the radar antenna, and to close 
it shortly afterward. Thus the ran^e gate per- 
mits only the echo signals reflected from the 
missile to pass through the receiver; echoes 
from other objects will be rejected. The re- 
flected signals, throuf^ servo systems, con- 
trol the position df the radar antenna, so ttiat 
it will track the missile automatically. 

A single antenna is used for both transmit- 
ting and receiving. This requires some means 
for switching the antenna from the transmitter 
to the receiver, and then back to the transmit- 
ter again. The -device iisually used for this 
purpose is called a duplexer. The duplexer 
makes it possible to operate the transmitter 
•and receiver simultaneoufiAy, but keeps the 
powerful transmitter signals from entering the 
receiver directly. 

For missile tracUng, a lobing or conical 
scanning system is used, because accurate 
angle data cannot be obtained from a single 
beam on the antenna axis. This type of scan- 
^ ning is described in chapter 8. 

Video signals produced by the reflected sig- 
nal from the missile may be used to modulate 
the display on a cathode-ray tube. The method 
of modulatihg the display will depend on the 
type of ^^^^i^ in the radar set. Either 

the di^ectioh or the intensity of the beam trace 
may be^siicxlulated 

: nqninTiptwi kyatf^ms using iadar tracking have 
1a reliitive^^^ accuracy, and the 

Weij^ht (rf the ec^^^ in the missile 

• ^ia fi^^ However^ tnwiking 
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errors will be Introduced by limitations of the 
radar system. In general, radar range informa- 
tion is accurate, and elevation and azimuth in- 
formation is accurate to within a few mils. The 
range and accuracy of the guidance system can 
be improved by using a different form of ter- 
minal guidance, such as homing guidance. 

Missile Plotting System 

The use of radar for missile tracking makes 
it possible to 6btaln information on the missile's 
elevation, bearing, and horizontal range. This 
information may be plotted so that personnel 
controlling the missile vnll have a complete 
picture of the operation. 

An example of a basic plotting system' is 
shown in figure 7-5. The tracking radar is 
shown at the left of the drawing, and the plot- 
ting board at the vigtA. The boom on the plotting 
board revolves around a center pivot, and is 
positioned by the missile bearing data. The 
tracing pen trolley (mounted on the revolving 
boom), is positioned by the horizontal range 
data. The pivot of the boom represents the 
trackinig radar location, and the pen position 
represents the instantaneous location of the 
missile.: 

The radar can provide only slant rai^e, 
bearing, and elevation ang^e. The horizontal 
range data used to position the tracing pen 
trolley can be 6btained from the product of the 
slant range and ttie cosine of the elevation 
angle. The elevation of the missile is the 
product of the slant range and the sine of the 



elevation angle (or of the horizontal range and 
the tangent of the elevation angle). Successive 
positions of the missile can be marked on the 
plotting chart at regular intervals, to provide 
an indication of the missile's course. In modern 
systems, plotting of the target and themissile's 
position is usually done in the Combat Informa- 
tion Center (CIC) of the ship. 

TELEVISION COMMAND GUIDANCE 

Television has been used in various weapon 
systems to 6btain target information. Assault 
Drone, a pilotless aircraft, used by the U. S. 
Navy against Japanese and German targets in 
1944, employed television and radio control in 
a ''mother'; airplane to effect guidance. Several 
guided bonibs using television command guid- 
ance were developed by the United States 
World World War n. The GB-4 was success- 
fully used by the U. S. Air Forceagainst U-boat 
pens, V-1 and V-2 launching sites, and German 
industrial centers. The television camera was 
in the bonib; the operator in the ''mother'' or 
launch aircraft monitored the TV picture and 
guided the bomb to the target, using a radio 
command link. The Robin and the Roc were 
similar types developed in the United States. 

Television guidance generally has made use 
of the electromagnetic frequencies in the range 
between radio and radar applications for trans- 
mission. The sensor units operate on the visual 
band of the spectrum. 

Television is the information link of the sys- 
tem; radio is normally used for the command link. 
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At present, the Navy has under development 
an air-to«*8urface missile using the television 
system* 

RADAR COMMAND SYSTEM 
GENERAL 

If a command, system is to be used with 
supersonic missiles, some form of radartrack- 
ing employing an automatic computer must be 
used to bbtain a reasonable degree of accuracy. 
In this system, both the guided missile and the 
target are tracked by radar (fig. 7-1), and the 
Information concerning range, range-rate, 
azimuth, and elevation is fed to an automatic 
computer. Telemetered Information from the 
guided missile may also be sent to the com- 
puter. The computer determines the control 
signal vdiich nmst be sent to the guided missile 
to steer it to a coUision with the target. 

There is great similarity between radio and 
radar command guidance systems. Each is based 
on a transmitter at ttie contrcA point, and a 
receiver in the missUe. In both systems the 
transmitter sends out a carrier wave, which is 
modulated in accordance with the desired com- 
mands. The receiver interprets the modulation 
so that the missile can execute the transmitted 
conunands. 

OPERATION OF RADAR 
COMBAAND GUIDANCE 

Most radar command guidance systems de- 
pend on ''sampling" control, since it is not 
possible to control all of the missile functions 
at once. Each must take its turn in the control 
sequence. Consequently, after a given function 
has received' a command, there will be a time 
delay before the next conunand is received. 
The lenc^ of tiiiis d^y will depend on the 
number of functions to be controlled. 

WhQn radar is uised for control, the fidelity 
or accuracy of control iS jlimited by the allow- 
able variations in ptflise riediB or amplitude. 
(Excessive variations will affect the tracking 
acciiuracy.) The accuracy of bb^ is also 
limited ^ the: a^^ of the niisisUe equip- 
ment to' measure these 

can be sent by 
^epettt^ 



in the desired direction. If the PRR is unmod- 
ulated, no control signal is sent to the missile. 
If the PRR is modulated so that it increases, 
the missile will turn in a certain direction; if 
the PRR decreases, the missile will turn in 
the opposite direction. Since the PRR can be 
varied by the modulation frequency, it is pos«* 
sible to make ttie amount of turn proportional 
to the deviation from the normal PRR, and 
thus obtain accurate control. 

This system requires some form of multi- 
plexing or switching control, so that operations 
take place in a definite sequence. As an ex- 
ample, there may be five possible operations 
and each may be controlled by a l/lOO-second 
signal of the proper pulse rate. A complete 
set of control signals could then be sent every 
1/20 second. 

The control pulses may be coded in se- 
quence so that each pulse controls a particular 
operation. As soon as a full set of operations 
is covered, the sequence starts over again. 
The pulses may be modulated either in ampli- 
tude or by their position on a time scale. 

Several means of controlling missile func- 
tions by the radar tracUng beam are illustrated 
in figure 7-6. Bdultiple pulSes may be grouped 
as shown in block A, the muhber of pulses in 
each group determining die specific conunand. 
Block B shows dual pulses with the spacing 
between the pulse determining the conunand. 
* In block C, every other pulse is displaced in 
time, the direction of displacement in time 
determining the conunand. Block D shows pulse 
width variation representative of commands. 

The use of ihe missile tracking radar beam 
as a control medium results in economy of equip- 
ment because ttie radio control transmitter is 
no longer needed. 

As in any other communications equipment, 
the bandwidth of the modulated signal determines 
the amount of information that canbe transmitted 
in a given time. A radar signal with a pulse 
repetition rate of 2000 cycles per second would 
limit the nunA>er of functions that could be con- 
trolled as well as the rate at which the control 
signals could be changed. But for some missile 
systems this tmndwidth is adeqiiatebecauseonly 
a few missile fiiin^ions are under control by 
command guidance. And, if tlie rate of signal 
change ^^^^ i^^^^ there will be enough 

bs^^wldi^'to^ 
:iRdth s'^^ 

If tiie are missiles in the vicinity of the 
^ tbeam^^ other thw tracked, some 
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Figure 7.6 .-Methods of transmitting commands by radar pulses. 



33.143 



coding or frequency discrimination method must 
be used so that each missile wlU respond only 
to its ODm command signals. This is true in 
either the continuous wave or pulse system. 
Therefore, If there is any likelihood that the 
spacing between radar beams is not sufficient, 
each missile launched from a particular control 
station must have either special coding equip- 
ment or at least a special receiver adjustment 
to ensure response to the correct signal. 

RADAR BEACON 

To extend the tracking ranges, some missiles 
have radar beacons installed. This beacon is 
actually a small radar set wfetich is actuated by 
the remote missilb trackli« radar. When 
gered a coded pulse from the tracking radar, 
thq beaccm returns a stronger signal to the 
tracking receiver than would be receiv^^ 
by reflection. Figure 7-7 fiOiow^ 
of such a syjrtem. Th^^^ 
beacon recdyw 

iBignal l<Bfy^. lUdar-beM^ raflgesa^^ 
limited pn^ by^^ 

traiuunltter a^ fidightly 

freiquracy^^ 

tx«cking^j^^ 

Blgjml^iwj^^ 



to accept command signals. When used for this 
purpose, an additional set of coded pulses is 
added to the transmitted signal for the missile 
tracking radar. Thebeacon accepts these signals 
and channels them Intoa computer which decodes 
them for the Intelligmce they contain. 

There is no generalized radar beacon system; 
each system is designed for a particular ap- 
plication. 



FUTURE OF COMBIAND GUIDANCE 
SYSTEMS 

It should be k^t in mind that command 
guidance systems are in a state of constant 
development, and that future systems may differ 
considerably from those described here. Sys- 
tems that were trted in early missUe develop- 
nients and were discarded may be improved and 
placed in new missiles. An example isthe Wall- 
eye, a guided alr-to-surface bonib. being de- 
vdpped. Television contrast homing guidance 
is being used for it. Another example is wire 
guidance, ^ich was considered inadequate and 
:ms; discpntinucd i^ a 
iiun*er^:rt^^^ It is belnig used in some 

presmt-d^^^^^^ shprt-range 

aiit||an^^ 
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CHAPTER 8 



BEAM-RIDER GUIDANCE 



INTRODUCTION 



GENERAL 



The beam-rider guidance method may be 
considered to be a form of command guidance 
since the beam-rider missile maintains direct 
electromagnetic radiation contact with a friendly 
control point. 

Beam-rider guidance is simili^r to radar 
command guidance. In both systems, tirget in- 
formation is collected and analyzed by devices 
at the launching site or other control point 
rather than by devices within the missile. In 
both systems, the missile makes use of guid- 
ance signals transmitted from the control point. 

The principal difference between radar com- 
mand guidance and beam-rider guidance was 
stated in chapter 6. The guidance equipment in 
the missile formulates its own steering signals 
from the information contained in the radar 
beam. These correction signals produce control 
surface movement on the missile to keep it as 
nearly as possible in the center of the radar 
beam y*ich pinpoints the targ;et. The missUe 
can thus be said to "ride" the beam to the 
target.. (See figs. 6-8 and 6-9.) 
V The beam- rider isystem is highly effective 
for use with shortrrange and medium- range 
surface-to-air and air-td-air missiles. For 
missiles of longer lai^^e. a b^m-riding sys- 
tem maiy be liised during tt^^^ midcourse phase 
of flight, while the missUe is still within ef- 
fective range of/.ttie beam-trah^mitting radar. 
Aa it , approa;chw^^^ limit of beam- ridii« 
range, tl^e s^^ 
■other;,tona^ 

, ■ ';'The':beam<:rfiier' ;mi8sile-''^^ ■ ■ 

advanti^es^vi^ 

Wun^W^ nuttdber <tf Mssiles into 

e<iulpiiient iis; ca;*^^ 



however, makes each missile large and ex- 
pensive. The radar prbblem is simple since 
only one radar set is required (two radars may 
be used), but the controlling beam must be 
reasonably narrow to be directive, and this in- 
creases the chance of loss of the missile 
through target maneuvering and evasion. 

APPUCATION TO U. S. NAVY MISSILES 

The U. S. Navy missUe program is .one of 
continuous resrairch and improvement in all 
phases. Two missiles, Terrier and Talos, 
developed under the Bumblebee (1944)program, 
has been operational for some time. Both of 
these are surface-to-air missiles using beam- 
rider guidance. The BW-1 Terrier is a beam- 
riding, wing-controlled missile; the BT Terriers 
are beam-riding, tail -controlled missiles; and 
the Terrier HT type uses homing guidance. 
The Talos is a beam rider in the midcourse 
stage of its flic^t, switching to homing for 
the terminal phase of its fli^t. 

This dmpter wUl give information of a gen- 
eral nature on beam rider guidance systems that 
might be used with this type missUes. It should be 
kept in mind that security requirements prevent a 
detaUed description of the guidance system of 
any specific missile. 



SYSTEM COMPONENTS 

CSkNERAL 

There are . several iiqportant components, 
other than the missile and radar, in a complete 
gMi4edmlsslle^s^^^ 

^v:X^--.W^9^ part of ttie equipment is at the 

"?»^ts. individiial systems, IKd a 

^f^P;Jietup?i^ 

itianent launching site. • -■■^--^-v-' ^ ••■ ■ ■ 
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Figure 6-6 is a simple diagram of a beam- 
riding missile guidance system >vhich includes 
the basic elements ^en a radar beam is used 
as the guiding beam. The example shown is a 
8urfoce-to-air application. The radar is usedto 
develop the beam along i^ich the missile is to 
travel. Its antenna is directed so that the center 
of the beam is on the target. The missile 
launcher, if trainable, is used to point the mis- 
sile so it is able to enterthebeam aft^r launch- 
ing. The beam-riding missile contair* -s the mech- 
anisms that permit it to measu*' ^ its position 
with respect to the center of th: radar beam and 
to move to correct its position. 

Two types of beam-rider systems are in use. 
In the simplest type, a single radar is used for 
both target tracking and missile guidance. In the 
second type one radar is used for target track- 
ing, vdiile another radar generates the guidance 
beam. The monopulse system, which is not a type 
of guidance system, but a radar technique used 
in tracl^, is described later in this chapter. 

LAUNCHING STATION COMPONENTS 

The launching station may be on or in the 
ground, a)>oard a ship, or in an aircraft. The 
components used in aircraft are necessarily 
limited in size, weight, and amount of power 
required to operate them. These components 
are the radar (or radars), computer, informa- 
tion display scopes (oscilloscopes) and, of 
course, the missUcfS which aretobeused. Figure 
8-1 pictures the coihpqnents that may be found 
aboard a ship. The radars and launchers are 
above deck, but the computers/displa:y conscfles, 
and direction equipment are below decks., 

All chiBtnges detected bx the ra^ 
by ttie misisile. or the^^t^ instantly 
flashed on theicohroles below de^ 
can be foUowed and cdnibat delcisions 
basis of the information iBuppliedil 

TheMrget is usually picked up at long range 
by a search radar. When the target 
the tracking radkr tt^es over t^^ 
it, and deteirmines tts directton (el^ 
bearUig) range rate (radial velocity ), and range. 
This information :la 
fbrnij^.thexdn^^^ 

Because the^^ c^^ 



speed of the target. The computer is also given 
the average speed of the missile. With this in- 
formation, it is able to determine the direction 
in which the missile must be launched to inter- 
cept the target. It is unlikely that a missile will 
be fired as soon as the tracking radar acquires 
the target. The target range is constantly 
changing, and the target may change course or 
speed as well. The computer must therefore 
produce a continuous solution to a continuously 
changing problem. At any given instant, the com- 
puter output provides the correct solution to the 
problem as it exists at that instant. 

In a two-radar system, the computer con- 
tinues to calculate the missile course after the 
missile has been launched, and until the target 
has been destroyed. Through servo mechanisms, 
it turns the contrid radar in the proper direc- 
tion. The computer output is used to train and 
elevate the missile launchers in such a direction 
that the missile will enter the capture beam 
(described later) at the optimum angle. T^uiis 
angle is too large, the missile must nu.ke a 
sharp turn to get into the control beam. If it is 
too small, there is &ome danger that the fnissile 
will evade the capture beam and self destruct. 

MISSILE COMPONENTS 

The receiving antenna in the missile is a 
very important part of its electronic installa- 
tion. Through it must come all guidance sig- 
nals from the control radar. There are several 
difficulties in determining the optimum location 
of an axitehha on a missile. First, the antenna 
must hot interfere with the aerodynamic stability 
of this missile. Second, it mustl)e located at a 
point where tt will not be damaged by the rapid 
acceleration as the missile is launched, and 
where wind Wai not tear it loose. Finally, the 
antenna must be located where it can^ectlvely 
pick up the signals of the guidance beam. The 
antenna location that has b^ found most satr 
isfiictbrjr is ator h^iartheinissUei^er sur^^ 

The missile antenna is higUy directional, 
a^^ most CMnsltlve i to slgiuils recel^^ 
b(^lnd the m^^ 
dr the ^nttissiie k^^ 
ahtehim p(^ cbiiis^n 
piirchaiae^ 

es^blish u^^ . 
Bile v^ttteitt^ A*^ 
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receiver, they are fed to a computing network 
in the missile. Demodulation is the process of 
extracting information (direction, etcjaboutthe 
target from the beam's carrier signal. If the 
missile is off the scan axis of the guidance 
beam, the computer will, determine both the 
direction and the magnitude of the error. It 
will then give the correction signals required 
to bring the missile back onto the scan axis. 

Figure 8-2 is a block diagram of the es- 
sential components of a beam- rider guided 
missile. The computer includes all ttie neces- 
sary circuitry to separate the up/down and 
left/right correction signals contained In the 
output of the receiver. The separate signals 
are then amplified and drive the servomotors 
^ich actuate aerodynamic surfaces or other 
means of control to change the position of the 
missile and cause It to move toward the center 
of the beam. 

The missile also needs to beroll-stablllzed. 
This Is done by placing a gyroscope Inside the 
missile with Its axis oriented so that an output 
Is produced If the missile tends to roll. The 
output Is amplified to operate control surfaces 
that nwtrallze the tendency of the missile to 
roU. 

TARGET 

The target for any guided missile must have 
some unique characteristic as feenby the track- 
ing radar. This characteristic often Is the re- 
flective property of the target compared to Its 
surroundings. For exaimple, an airplane flying 
In f^ee space hias high radar reflectivity as 



compared to Its surroundings and therefore 
Is a good radar targets An Important point Is 
that the missile velocity must be greater than 
the target velocity. 

PRINCIPLES OF BEAM-RIDER GUIDANCE 

Since the beam used In beam- rider guidance 
Is a radar beam, a knowledge of the basic 
principles of radar Is necessary to understand 
how the system operates. The first volume In 
this series. Principles of Naval Ordnance and 
Gunnery . NavPers 10783-A, ccxitalns a chapter 
^TEEJHetectlng and assigning of air targets for 
guns. The radar principles apply e<pially to 
guidance systems for missiles. 

GUIDANCE ANTENNAS 

The antenna system consists of waveguides, 
switching tubes, a reflector for beaming the 
radiated energy, a mechanism for nutating the 
feed during operation, and servo units which 
position the antenna reflector. Its purpose Is to 
radiate microwave energy developed by the 
transmitter and to receive echo signals from 
tl^e target and apply them to the receiver. 

General 

The radar energy that forms the guidance 
beam Is transmitted by an antenna at the con- 
trol point. Radiated energy tends to spread out 
equally in all directions, but by mounting a 
suitable reflector bdilnd the antennas, a la ge 
part of the radiated energy can be formed into 
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a relatively narrow beam. A narrow beam can 
point out the target direction with sufficient 
accuracy for the missile to score a hit^ and 
concentration of the radiated energy into a 
beam extends the effective range of the system. 
Figure 8-3 compares the radiation from a 
radio antenna with that from a lamp. Both 
light waves and radio waves are electro- 
magnetic radiation; the two are believed to be 
identical, except in frequency of vibration. 
From both sources, energy spreads out in the 
form of spherical waves. Unless they meet 
some obstruction, these waves will travel out- 
ward indefinit3ly at the speed of light. Because 
of its much hifi^er frequency, light has a much 
shorter wavelength than radio waves. This is 
suggested in figure 8-3, but it cannot be sho^ 
accurately to scale. The wavelength of radar 
transmission may be measured in centimeters; 



the wavelength of light ranges from about three 
to seven ten-thousandths of a millimeter. 

You are, of course, familiar with the use of 
polished renectors to form beams of light. 
An autombbile headlight is an example of this, 
although it produces a fairly wide beam. A 
spotlight produces a more narrow beam. 

Figure 8-4A represents the reflection of 
light by an ''ideal" reflector. The emerging 
rays are parallel; the beam is no wider than 
the rettector itself, and it does not diverge. 
But an ideal rettector is hard to achieve in 
practice. It must be a paraboloid of revolution— 
that is, the surface generated by a parabola 
rotated on its axis. It must be highly polished; 
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Its surfoce Irregularities must be small com- 
pared with the wavelength^f light. And the light 
source must be a single point, located at the 
focus of the paraboloid. 

Figure 8-4B represents the reflection of 
.radar waves. Again, the surface of the reflector 
Is paraboloid, but It need not be highly polished, 
because of the longer wavelength of radar. The 
source of radiation Is the end of a waveguide. 
Unfortunately, this Is not a point source; It must 
have a finite area. 

It should be noted that a light RAY Is simply 
a convention used In diagrams. Such rays do 
not exist In nature. They are Imaginary lines 
that Indicate the direction In ^Ich the wave- 
fronts are moving. Although RADAR RAYS are 
not a fkmlllar convention, they are used In 
figure 8-4B to show the direction In i^lch the 
radar waves are moving. 

Of course the lamp shown In figure 8-4A Is 
radiating light In all directions. The light 
from the front surface, v*ilch does not strike 
the reflectbr, will be scattered widely. In some 
spotlights, the front surface of the lamp Is 
shielded, so that the only rays that leave the 
spotlight are those that have been reflected. 
Such a spotlight produces a sharply defined 
beam, with little or no scattered light. The 
same effect Is achieved In radar by directing 
the qpenlng of the waveguide backward, toward 
the reflector. : 

But no radar can produce an Ideal beam of 
parallel "rays.T For one thing, the end of the 
waveguide Is large, compared to the Ideal point 
source. For anotiier, a reflector of practical 
size Is not sufficiently large compared with the 
wivelei^th of thiB radiated energy. A radar beam, 
therefore diverges and forihii a lobe, like the one 
In flgyre Thlisi Is the n»ln lobe"^^^^ 
The student should clearly understand that such 
a lobe Is merely a convenient wa.y of represent- 
tag the beam on i)ap(Br; it Is In ho sense 
a ''picture'' of the beain.S^^ or the radiated 
energy will be scatter cld ckitslde^^^^^ 
and will form : side: lobes, uiw^ lesser 
Intensity, aifid mubh sfe?^^^ 
imdeslribie Icibes proximity 
to the trimsnil^er,^^]^^^^ 
cbikrbimian.- does not end 

abrMptlii^ S^^i^^^^ trans- 
mitter; 

, jcan i Sfe vfeictiired In three: (dimensions; can; be 
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Figure 8-5.— Lbbe formation of radar beam. 

for our purpose (missile guidance or target 
tracking). The lobe In figure 8-5 Is not drawn 
to scale. The diameter of the reflector Is In 
the order of two feet; the length of the lobe may 
be from 20 to 50 miles. Its useful width may be 
four or five degrees. At any given distance 
from the transmitter, the signal Is strongest 
along the axis of the lobe. 

In a beam-rider guidance system, radar 
must accomplish two things; It must track the 
target, and It must guide the missile. It wouW 
be difficult to do either of these things with a 
simple lobe like the one In figure 8-5. 

Nutation 

Nutation Is difficult to describe In words, 
but easy to demonstrate. Hold a pencil In two 
hands; vtolle holding the eraser end as still as 
possible, swing the point through a circle. This 
motion of the pencil Is nutation. (The pencil 
point corresponds to the open, or transmitting, 
end of the waveguide, aatenna.) The Important 
thing Is that polarization of the beam Is not 
changed during the scanning cycle. This means 
ttiat the axis of the moving feed must not change 
horizontal or vertical orientation vMle the feed 
Is moving. You might compare the movement to 
that of a ferrls vrtieel; the p9sltlon of the seats 
must remain the same regardless of the position 

of the ^eel. 

NUTATING WAVEGUIDE.-A waveguide Is a 
metal pipe, usually rectangular In cross section, 
vAilch Is used to conduct the r-f energy from 
the transmitter to the antenna. The open end <^ 
the waveguide faces the ccmcave side of the 
reflector^ and the r-f energy It emits l3 bounced 
. from the reflector s^ ^ 

;: A conlical sca^ be generated by nutation 
pi toe^ this prpc^ss, the axis of the 

N^^^ a snmil 
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conical pattern. This three-dimensional move- 
ment in an actual installation of the \vaveguide, 
is fost and of small amplitude. To an observer, 
the wayeguide appears merely to be vibratine 
sllghUy. 

NUTATING LOBE.-By movement of either 
the waveguide or the antenna it is possible to 
generate a conical scan pattern, as shown in 
figure 8-6. The axis of the radar Idbe is made 
to sweep out a cone In space; the apex of this 
cone is, of course, at the radar transmitter 
antenna or reflector. At any given distance from 
the antenna, the path of the Ibbe axis is a circle. 
Within the useful range of the beam, the inner 
edge of the lobe at all times overlaps the axis 
of scan. 

Now assume that we use a conically scanned 
beam for target tracking. If the target is on the 
scan axis, the strength of the reflected signals 
will remain constant (or change gradually as the 
range changes). But if the target is slightly off 
the axis, the amplitude of the reflected sie^s 
will change rapidly and periodically. For 
example, if the target is ABOVE the scan axis, 
the reflected signals will be of maximum strength 
as the Idbe sweeps through the highest part of 
its cone; they will quicMy decrease to a minimum 
as the 16be sweeps through the lowest part. In- 
formaticm on the instantaneous position of the 
beam reU^tive to ttie scan axis, and on the 
strength of the reflected signals, can be fed to 
a computer. This computer In the radar may be 
called angle tracking or angle servoclrcult, or 
angle error detector. If the target moves olf 
the scan axis, the computer will Instantly 



^TH OF LOBE AXIS 




Future 8^6^^^ loii^/c^ 



determine the direction and amount of antenna 
movement required to ccxitlnue tracking. The 
computer output can be used to ccxitrol servo- 
mechanisms that move the antenna, so that the 
target will be tracked accurately and auto- 
matically. 

When a conically scanned radarbeamlsused 
for mlssUe guidance, the desired path of the 
missile Is not along the axis of the beam, but 
along the axis of scan. It Is possible to produce 
a conical scan by any of several methods. 

Types of Antennas 

DIPOLE.— Although not used by any of the 
newest modifications of our missiles, several 
types of missiles have used a rotating dlpole 
antenna. The antenna was not rotated about Its 
center, for this would have changed the polar- 
ization as the antenna turned. Such a condition 
would have caused erratic control of the mis- 
sile. The antenna Is mounted In a plane that 
passes tlirough the focal point at a right angle 
to the reflector axis. As the antenna rotates It 
stays In this plane. The same relative motion 
can be produced by having a stationary antenna 
and rotating the reflector about a point off Its 
axis. 

LENS ANTENNAS.-Lens antennas of two 
types have been developed to provide easy 
steerablllty In both azimuth and elevation for 
tracking radars, ^AiUe avoiding the problems 
associated with feed horn shadow In reflector 
antennas. (The shadow Is a dead spot directly In 
front of the feedhorn.) These are conducting 
type and dielectric or delay type. They are also 
called microwave lenses. The lens Is sub- 
stantlaUy transparent te microwaves but In- 
serts a phase change over the cross section of 
th^e exit dlde of the lens to make the microwaves 
converge or diverge. The lens Is placed In front 
of a point source of r-f energy, such as a feed- 
horn. While a feedhorn Is not a "point" source, 
for analysis of electoniagnetlc wave propagation 
It Is pfteni considered as a point source of energy. 

The conducting type, which Is a wave guide. 
Is Ulustrated In flgw 

: Thlis typ^^^^^ wave transmission as 

It passes through th^ consists of flat 

metal strips placed parallel to the electr'ic field 
' of the^ve, and^^ s^^^ of one- 

haU of a To the wave the^^ 

lii>* ; Jlte each hypothetical 

a dlrectlcMi 
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Figure 8-7,-.Aiitenna lenses: A. Waveguide 
(acceleration) type microwave lens; B, Metal 
strip (delay) type microwave lens. 

perpendicular to the electric field correspond- 
ing to the spacing betweien the parallel strips. 
The velocity of phase propagation of a wave is 
greater in a waveguide than in air. This, since 
the lens is concave, the outer portions of the 
transmitted spherical wave are accderated for 
a longer interval of time than the inner portion; 
The spherical waves will emerge attheescitside 
of the lens (lens aperture) as flat- fronted parallel 
waves. The waveguide type lens is frequency 
s ensitive* 

The other type lens Is the dielectric, or 
metallic delay lens, shown in figure 8-7B. The 
delay lois, as its name implies, slows downthe 
phase propagation as the wave passes through the 
lens. This lens is convex, and consists of di- 
electric material. The delay in the phase of the 



wave passing through the lens is determined by 
the dielectric constant or refractive index of 
the material. In most cases, artificial dielec- 
tries consisting of conductlng^rqds or spheres 
that are small compared to the wavelength are 
used. Artificial dielectrics, or conducting in- 
sulators, used In r-f transmission systems are 
covered In Basic Electronics , NavPers 10087-A. 
In this case the inner portion of the transmitted 
wave is decelerated for a longer interval of 
time than the outer portions. 

In a lens antenna the exit side of the lens 
can be regarded as an aperture across which 
there is a field distribution. This field acts as 
a source of radiation just as fields across the 
mouth of a reflector or horn. For a returning 
echo the reverse effects take place in the lens. 

It can be seen that the reflector uses the 
law of reflecticxi vAille the lens uses the law 
of refraction. The rear feed arrangement of the 
lens antenna eliminates spillover radiation in 
the backward direction. Also, this arrangement 
puts the radiator out of the path of the beam, 
thus reducing shadows. 

MISSILE RECEIVER.— The purpose of the re- 
ceiving antenna, located in the missile, was de- 
scribed briefly at the beginning of this chapter. 
Figure 8-8 shows the location of receiver 
antennas in a beam- rider missile, near the con- 
trol surfaces. In some missilesthe antennas are 
part of the electronics section. The function of 
the missile receiver Is to receive the signals 
from the radar transmitter, amplify and rectify 
the signals and feed them to the missile com- 
puter. In order to keep the receiver in tune 
with the guidance transmitter, a system of aiito- 
matic frequency control is used in the receiver. 
This is to reduce acceptance of stray signals or 
countermeasure signals. The automatic fre- 
quency control keeps the receiver intermediate 
frequency from drifting. 
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Figure 8-8.— View of beam- rider missile, showing location of 
control siurfaces and receiver antennas. 
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SCANNING 

In addition to radiating and focusing energy 
into a narrow circular beam, the antenna sys- 
tem must provide a means for searching for a 
target and for determining its position. This 
process is called scanning or lobing. Lobing 
can be divided into two broad categories- 
(1) sequential lobing and (2) simultaneous lob- 
ing. Examples of sequential 16bing are conical 
scamiing and lobe switching. Simultaneous lob- 
ing is best Illustrated by a fairly recent lobing 
technique called monopulse. We shall discuss 
this method in considerable detail later. But 
first a brief review of more familiar scanning 
processes is in order so that you can see how 
and vAiy monopulsing was developed. 

Stationary Lobe and/or Single 
Lobe System 

A single lobe system is the simplest form 
of sequential lobing. A stationary lobe cannot 
satisfactorily track a moving air target, let 
alone simultaneously provide guidance informa- 
tion to Uie missile. 

Assume that a target is somewhere on the 
lobe jwls, and that the receiver is detecting 
signals reflected from the target. If these 
rettected signals decrease in strength, it will 
be apparent that the target has flown off the 
axis, and that the beam must be moved to 
continue tracking. The beam might be moved 
by an operator v*o is tracktaig the target with 
an optical sight; but such tracking would be 



slow and inaccurate, and would be limited by 
conditions of visibUity. An automatic tracking 
system requires that the beam SCAN, or 
search, the target area. 

Again, assume that a missUe is riding the 
axis of a simple beam. The strength of the 
signals it receives (by means of a radar re- 
ceiver in the missile) will gradually decrease 
as its distance from the transmitter increases. 
If the signal strength decreases suddenly, the 
missile will know that it is no longer on the 
axis of the lobe. But it wlU NOT know ^ich 
way to turn to get back on the axis. A simple 
beam does not contain enough information for 
missile guidance. 

Double- Lobe System 

The double-lobe system multiplies by several 
times the accuracy obtainable wlthasingle-lctbe 
system. The double-lobe system enq[)loys two 
overlapping beams. For ease ot illustration, 
assume that two antennas are used side by side. 
Two signals are obtained ydien the beams cross 
a target, one from each beam. On the radar- 
scope they appear either side by side or back to 
back. The two signals are the same amplitude 
only when the target is on the line of intersec- 
tion of the two beams, as in figure 8-9. The 
operator rotates the antennas until the signals 
are matched in amplitude. At this point, he 
knows that the target lies on the LINE OF IN- 
TERSECTION of the two beams. The target is 
located on the basis of returns from the side of 
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each Ibbe, where a small change In position re- 
sults to a large change to signal amplitude. 
Therefore, if the antennas are moved In either 
direction a\»ay from this angle, one of the sig- 
nals increases greaUy in amplitude andthe other 
decreases. You can see that a greater degree 
of accuracy can be obtained In this way. 

Besides greater accuracy, the douWe-lobe 
system has another advantage over the, single- 
lobe system. By watching to see which of the 
two signals increases in amplitude as the an- 
tenna is rotated a few degrees, the operator can 
tell the direction the antenna must be moved to 
reach the on-target position. 

Missile Response 

A beam-riding missUe must guide itself to 
the target by following the scan axis of its 
guidance beam. How does the missile deter- 
mine whether or not it is on the scan axis? 
The only guidance Information available to the 
missile is that contained to the beam. From 
this Information, the missile guidance system 
must determine three things: (1) whether or 
not the missile is on the beam axis; (2) if not, 
how far it is off the axis, and (3) which way 
to go to get back on the axis. The first and 
third requirements are fiiirly obvious. The 
necessity for measuring the AMOUNT of error 
is less apparent. 

During the early stages of guided missUe 
development, one of the more serious prob- 
lems was "overshooting." When a missUe 
moved off course, and received a signal in- 
tended to correct the error, it would turn back 
toward the course, but overshoot and go too 
far in the opposite direction. This effect was 
caused by the lag in the response of the con- 
trol system to guidance- signals, and in the 
response of the missUe itself to movement of 
Its control surfaces. For practical purposes, 
this problem has been solved by the use of 
error signals proportional in magnitude to the 
errors they are tatended to correct. Thus, tf 
a missUe is &r from the beam axis it wUl 
generate a large error signal, and its control 
surfaces will be turned throu^ a reUtlvely 
large angle. But, as the missUe moves back 
toward the beam axis, its error signal steadUy 
decreases, and the angle of Its control sur- 
faces is decreased accordingly. At the Instant 
ttie missUe reaches the beam axis, its contwfl 
surteces will (in theory at least) have reached 
their neutral position, and overshooting WUl 
be prevented. 



Figure 8-10 represents a missUe below the 
scan axis of the guidance beam. The path of 
the 16be axis is a circle. The amplitude of 
the radar signal is at a maximum along the 
axis of the lobe. As the lobe axis sweeps near 
the missUe, the signal wUl be strong; as it 
sweeps away from the missUe, the signal wUl 
decrease. To the missUe, it wUl appear that 
the signal strength is regularly changing to 
amplitude at the same frequency as that of the 

scan cycle. ^ ... 

The missUe receiver is provided with a 
detector which eliminates the r-f carrier 
ftequency and produces an a-m sine wave sig- 
nal of the scan ftequency. When this a-m 
signal is present, the missUe knows that it is 
OFF the scan axis of the beam. When the a-m 
signal is absent, the missUe knows that it is 
ON the axis. To see this clearly, look at 
figure 8-10 and imagine the missUe on the 
scan axis. It is now at the same distance from 
the lobe axis throughout the scan cycle, and 
the amplitude of the r-f signal it receives 
remains constant. 

From the AMPLITUDE of the a-m signal, 
the mlssUe can determine how far it Is from 
the scan axis. When the mIssUe is on the 
axis, the amplitude of the a-m signal is aero, 
indicating zero error. If it is only a short 
distance from the scan axis, its distance from 
the Ibbe axis changes only sllghtty during the 
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Figure 8-10.— BOssUe below the scan axis. 
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scan cycle. The a-m signal will thus be smaU, 
indicating a small error. Now, looking at 
figure 8-10, imagine the missUe at some point 
on the circular path of the lobe axis. The 
variation in its distance from the lobe axis 
dv7^ the scan cycle is now at a maximum. 
The a-m signal will also be at a maximum, 
producing the nuucimum error signal and 
ma^dmum movement or the control surfaces. 

at is apparent that if the missUe moves to* 
a point OUTSIDE the circular path of the 16be 
axis, the error signal wUl decrease. But this 
does not happen in practice, unless the missUe 
is defective. The guidance and control sys- 
tems are too sensitive to allow so large an 
error to develop.) 

Using Two-Lobe Scanning System 

How the missile determines the DIRECTION 
^ its error can best be explained in two steps. 
Figure 8-11 shows an imaginary scanning sys- 
tem in which the lobe of radar energy, instead 
of sweeping out a cone, has only two positions- 
up or down. The two 16bes are transmitted 
alternately. The figure shows the missUe 
below the scan axis, near the axis of the lower 
lobe. The missUe will receive signals from 
both lobes, but those from the lower I6be will 
be of greater amplitude. If we can provide the 
missUe with some means for distinguishing 

^ so that it can teU 

WHICH ONE has the stronger signal, it can 
determine the direction of its error. For 
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Figure 8-11. .Two-lobe scanning system. 



example, if the missUe in figure 8-J.l can de- 
termine that it is the LOWER lobe that has ihe 
stronger signal, it wUl know that it must move 
up to get back on the scan axis. 

There are two fairly simple ways in which 
we can identify the two lobes so that the mis- 
sUe can distinguish between them. (We cannot, 
of course, make them of different amplitude, 
since a missUe on the scan axis would then 
detect a false error signal.) Bram-rider 
radar transmission consists of an extremely 
hlgh^requency carrier wave, which is trans- 
mitted in short bursts, or pulses, separated 
by periods of no transmission. The pulse 
repetition rate is ordinarily in the order of 
from one to a few thousand per second. We 
can identify the two 16bes shown in figure 8-11 
by making them differ either in carrier fre- 
quency or in pulse repetition frequency. In 
either case the missUe coiUd easUy be pro- 
vided with a means for distinguishing between 
them, and could then determine the direction 
of its error. 

Thus the imaginary two-lobe scanning sys- 
tem could be used for guiding a beam rider in 
a vertical plane. If we add two additional 
lobes, each of which the missUe can distinguish 
from the other two, it would also be possible 
to guide the missUe to right or left. It should 
now be apparent that we can guide the missile 
in any direction by using a conical scan. 

Conical Scanning 

Look back at figure 8-10. Assume that we 
vary the signal frequency (either the carrier 
or the pulse rate) slnusoidaUy at the scan 
frequency. Assume that when the 16be is at 
its highest point, the signal frequency is at a 
maximum. As it moves around to the right 
side of its circular path, the signal frequency 
decreases to its average value. At the lowest 
position of the lobe, the signal frequency i« it 
a minimum. It increases to average value as 
the lobe approaches the left side of its path 
and to a maximum as it returns to its highest 
position. Thus the signal of the guidance beam 
is frequency modulated at the scan frequency. 
Note that, the f-m signal is always present at 
the missUe, regardless of whethi ? it is on or 
off the scan axis. • 

The missUe receiver is provided with an 
f-m section, the output of which is a sine wave 
that indicates the instantaneous position of the 
lobe in its scan cycle. The sine wave will 
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have a maximum positive value when the sig- 
nal frequency is maximum; it will pass through 
a^ero as the signal passes through its average 
•frequency; it wUl reach its maximum negative 
value ^en the signal frequency is at a 
minimum. 

The missile can determine the direction of 
Itfl error by comparing the phase of the f-m 
signal with that of the a-m signal. Refer to 
figure 8-10 again; here the missile is directly 
below the scan axis. The signal will be strong- 
est, and the a-m signal will reach Its maximum 
positive value, as the lobe passes through Its 
lowest point. At that time the signal frequency 
wUl be minimum, and the f-m signal will be 
at Its maximum negative value. Thus the two 
signals are 180'' out of phase. If the missile 
were above the scan axis, the a-m signal would 
be strongest at the Instant vAienthe f-m signal 
reached Its highest frequency. Both signals 
would be at their maximum positive value, and 
therefore exactly in phase. There Is a definite 
phase relationship for every off-axis position 
of the mlssUe. If the mlssUe Is directly to the 
right of the axis, the f-m signal leads the a-m 
signal by 90*; if it Is directly to the left, the 
f-m signal lags 90^ behind the a-m. 

Phase comparison is a fairly easy Jdb for 
an electronic computer. The computer has 
been designed to measure the phase relation- 
ship to determine the directi<Hi in "AAiich the 
mtssUo must move to return to the scan axis 
and to send theneceiBsary orders to the control 
system. The control system In turn, moves the 
control surfaces to change tiie missile course 
in the req[ulred direction. 

To summarize: The guidance beam Is 
conlcally scanned, and frequency- modulated at 
the scan rate. M the missile detects an a-m 
signal. It will know that It Is off the scan axis; 
if it detects no a-m signal. It will know that It 
Is on the axis. The amplitude of the a-m signal 
Indicates the size of the error. A large error 
will produce a large movement of the missile 
control surfaces. As the mlssUe approaches 
the beam axis the error decreases, and the 
position of the control surfaces gradually re- 
turns to neutral to prevent overshooting. The 
phase relation between the a-m and f-m signals 
indicates the directlcxi of the error. 

Lobe Switching or Sequential Lobing 

In either single- or double-lobe scanning, 
described above, the antenna or antennas are 



moved by the operator, and at the same time he 
must compare the signals. With fixed or slow- 
moving targets he can, with practice, perform 
these functions efficiently; however, when a 
target files at a high speed. It Is almost Im- 
possible for a human being to do all the func- 
tions required for precise target tracking and 
direction finding. Some World War II fire 
control radars overcame this problem by using 
one antenna and a motor drive device to switch 
lobes without moving the antenna. When this 
technique, caUed Icbe switching. Is used, lob- 
lag takes place at a rapid rate; thus more 
signal amplitude comparisons can be made In a 
given time. * ^ 

Briefly, this Is how the system works to 
provide target direction In the horizontal plane. 
The antenna produces two beams, one at atlme, 
switching rapidly from one to the other. The 
feed Is alternately changed In phase to create 
the double-lobe effect. This phase shifting Is 
done mechanically or electrlcaUy by switching 
feed lines, which eliminates the need for two 
antennas and two receivers. The directions of 
the two 16bes differ by a small angle equal to 
about one beam width. Signals are returned 
to the radar as each beam strikes the target. 
When the two echoes are compared, the strength 
of one with respect to the other depends upon 
the posltlai of the target In relation to the 
antenna direction, as shown In figure 8-12. 

The returning signals are equal In strength 
only when the reflecting object lies on the line 
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Figure 8-12.— Lobe switching. 
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bisecting the angle of intersection of the two 
lobes^ If the target Is situated on either side of 
this line, the echoes differ In amplitude In such 
a way as to Indicate \rtiether It Is to the left or 
to the right of the antenna direction. The two 
signals are compared visually, and the radar 
operator moves his train handwheels to adjust 
the^ antenna direction for equal amplitudes of 
the received signals. To track an air target, a 
second pair of beams Is used to determine tar- 
get elevation. These beams are lobed In a 
vertical plane. 

When lobe switching is used however, the 
process Itself Introduces mechanical and elec- 
trical problems which reduce the reliability 
and tracking accuracy of the radar. The 
limitations Just mentioned spurred the devel- 
opment of newer techniques to be used with 
automatic tracking circuits. Conical scanning 
was the result of this development program. 
It provides the three-dimensional sequential 
lobing necessary to determine a target's posi- 
tion and to track It with high precision. 

MONOPULSE SCANNING 

The methods of scanning that you have Just 
studied are sometimes called sequential lobing, 
because target Information must be gathered 
from a series or sequence of pulses. Another 
scanning technique, called monopulse or simul- 
taneous 16blng, can obtain Information on target 
range, bearing, and elevation from a single 
pulse. 

For target tracking, the radar discussed 
here produces a narrow circular beam of 
pulsed r-f energy at a high pulse repetition 
rate. Each pulse Is divided Into four signals 
which are equal In amplitude and phase. The 
four signals are radiated at the same time from 
each of four feed horns grouped In a cluster as 
shown In figure 8-13. The radiated energy Is 
focused Into a beam by a microwave lens of the 
type mentioned previously. Energy reflected 
from targets is refocused by the lens into 
the feedhorns. The amount of the total energy 
received by each horn will vary, depending 
on the position of the target relative to the 
beam axis. This Is Illustrated In flgure.8-14 
for four targets at different positions with 
respect to the beam axis. Be sure to notice, 
and remember, that a phase Inversion takes 
place at the microwave lens similar to the 
Image Inversion In an optical system. 
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Figure 8-13.^Monopulse technique of 
radar scanning. 



The amplitude of returned signals received 
by each horn Is continuously compared with those 
received In the other horns, and error signals 
are generated which Indicate the relative posi- 
tion of the target with respect to the axis of the 
beam. Angle servoclrcults receive these error 
signals and correct the position of the radar 
beam to keep the beam axis on target. 

The traverse (train) signal Is made up of 
signals from horns A and C added and from 
horns B and O added. By waveguide design the 
sum of B and D Is made 180'' out of phase with 
the sum A and C. These two are combined and 
toe traverse signal Is the difference of (A+C) - 
(B+D). Since the horns are positioned as shown 
in figure 8-14, the relative amplitudes of the 
horn signals give an Indication of the magnitude 
of the traverse error. The elevation signal 
consists of the signals from horns C and D 
added 180'' out of phase wito A and B, I.e., 
(A+B) - (C+D). The sum or range signal Is 
composed of signals from all four feedhorns 
added togetoer In phase. It provides a ref- 
erence from which target direction from the 
center of toe beam axis Is measured. The 
range signal Is also used as a phase reference 
for the traverse luid elevation error signals. 

The traverse and elevation error signals 
are compared in the radar receiver wlto the 
range or reference signal. The output of the 
receiver may be positive or negative pulses, 
toe amplitude of which is proportional to the 
angle between the beam axis and a line drawn 
to the target. The poL^rlty of toe output pulses 
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Figure 8.14.-Monopulse scanning-amplitude changes of received enerjjy with target position. 



Indicates whether the target Is above or below, 
to the rl^t or to the left of the beam axis. 
Of course, If the target Is dlrecUy aithe line 
of sight, the output of the receiver Is zero, 
and no angle tracking error Is produced. 

An Important advantage of a m<xiopulse 
tracking radar over one using conical scan Is 
that the Instantaneous angular measurements 
are not sifl>Ject to errors caused by target 
scintillation* (As the target maneuvers or 
moves, the radar beams bounce off different 
areas of the target and cause random reflectiv- 
ity which may lead to tracking errors.) A 
monopulse tracldng radar Is not subject to this 
error because each pulse provides an angular 
measurement without regard to the rest of the 
pulse train; no cross-section fluctuations can 
affect the meaisurement. 

An additional advantage of monopulse track- 
ing Is that no mechanical action Is required. 



such as a whirling ^scanner to accommodate 
while trying to do precise trackings 

CONTROL AND TRACKING 
RADAR TRANSMITTERS 

A missile fire coiitrol system may use two 
separate radar sets to perform the tracking and 
guidance functions. When sets are grouped in 
this manner, a separate synchronizer unit 
(called a master synchronizer) Is used to 
generate timing pulses for each radar set and 
to coordinate their operation. 

The transmitter's purpose Is to generate 
ai^ deliver pulses or continuous waves of r-f 
energy to the antenna system where It Is 
radiated Into space. Missile fire control radars 
usually operate In the C-band, with a frequency 
range from approximately 5400 to 6000 mc. 
Transmission may be by pulse radar method. 
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continuous wave (c-w) method, or aconibination 
pulse-Doppler radar method. A pulse radar 
transmitter generates a very short pulse of 
high energy radio frequency. The pulse radar 
can measure range accurately and can detect 
both stationary and moving targets. 

In a c-w radar set, the transmitter gen- 
erates a continuous wave of r-f energy, ^ich 
is radiated from the antenna. When the radiated 
energy strikes a target, a portion of the energy 
is reflected back and is picked up by the 
receiver antenna. If the target is moving 
toward the transmitter, the frequency of the 
echo is higher than the transmitted frequency; 
if the target is moving away, the echo frequency 
is less than the transmitted frequency. If 
the target is not moving, the frequency is not 
changed. The shift in the frequency of the 
renected energy is due to the characteristic 
of wave motion called the Doppler effect (dis- 
cussed previously), or Doppler shift. This 
difference is used for target detection. An 
experienced operator can bbtain much informa- 
tion about the target. 

The pulse-Doppler radar cond)ines the best 
features of the c-w and pulse radar. The 
pulse-Doppler method uses high frequency c-w, 
in the form of short bursts, or pulses. The 
pulse repetition rate (PRR) is much higher 
than that of a conventional pulse radar, and the 
pulse length is longer. The pulse-Doppler 
technique makes it possible to track targets 
through unrelated noise and clutter that would 
mask the targets for a conventional pulse radar. 
The c-w radar cannot be used to measure 
range of the target, but pulse-Doppler radar 
can. 

Basically, the transmitter is an r-f oscil- 
lator that uses magnetrons, klystrons, or trav- 
eling wave tubes to generate microwave energy. 
The operation of the transmitter is controlled 
by a signal received from the synchronizer. 
StrlcUy speaking, control of the transmitter, 
such as turning it on and off, is provided by a 
section within the transmitter called the modu- 
lator. In pulse and pulse-Dq[)pler radars, the 
modulator is a special circuit designed to sup- 
ply power to tile r-f oscillator when it receives 
the appropriate signal from the synchronizer. 
C-w radar transmitters are also controlled 
by a modulator, which may have another name, 
but its purpose is ihe same^to superiii4>ose 
intelligence on the carrier. Coding the illumi- 
nating signal prevents tiie missUe from homii« 
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on a target illuminated by a radar other than 
the missile's companion illuminator. 

The transmitter section of the control radar 
provides coded pulse groups of r-f energy to 
the antenna (fig. 8-15A). The modulator re- 
ceives the coded pulse groups and provides 
triggers to the magnetron to cause it to oscil- 
late for the duration of each individual pulse. 

The r-f pulses then go to the antenna where 
they are radiated into space. The transmitting 
antenna or waveguide is nutated at the same 
rate as the tracking radar antenna by a nutation 
motor. If desirable, a reference generator is 
mechanically coupled to the nutation motor to 
provide a reference signal to the synchronizer 
to vary the PRR. Figure 8-15A is a block 
diagram of a typical control radar including 
the nutation motor and reference generator. 
Figure 8-15B is a block diagram of a typical 
tracking radar. 

The operation of fire control radars differs 
from that of most search radars in that a 
single object is tracked. 

OVER-THE-HORIZON RADAR 

One of the factors limiting the effective 
range of the radars described is the curvature 
of the earth. Increasing the height of either 
the transmitting or receiving antenna will in- 
crease the effective range. Thus it appears 
that a missile, because of the altitude at which 
it travels, can be contrcflled at extremely long 
range. Buc this is not true. The transmitter 
power necessary to deliver a satisfoctory con- 
trol signal increases rapidly with distance. 
Therefore, for long range missiles, a single 
beam-rider guidance system would be unsatis- 
foctory. These limitations can be overcome by 
using beam-rider guidance during the first part 
of the missile flight, then switching to a different 
guidance system before the missile flies beyond 
control of the radar beam. 

This method of extending the range has been 
used for some of our missiles. However, 
missile-makers have not been content with this 
expedient. Work has been carried on for a 
nuniber of years to produce a radar system 
that could look over the horizon, and a break- 
through has been announced. This may obsolete 
all the line-of-sifl^t radars now in use. The 
Naval Research Laboratory has produced 
system called B&dre (magnetic drum receiving 
equipment), and another one called Teepee 
(so-called because the electromagnetic wave 
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A. Control radar; J\. Tracking radar* 



follows a path that looks like a row of Indian 
tents). Industrial firms have alsobeen develop- 
ing similar systems. They all operate by 
bouncing signals oft the ionoq[>here« Technical 
details of the operation have not been made 
public* 

SYSTEM OPERATION 

Each component of a weapon system nnist 
functicm properly if the weapon (missile or 



other type) is to achieve its purpose of destruc- 
tion of the target* Radars used in the system 
have been classified according to ihe type of 
modulation us^^d, the method of scanning, their 
general or specific use, or the method of 
transmission* There are other bases of classi- 
fication, but these are ttie ones most com-^ 
monly used* According to specific use, we 
have search radars, tracking radars, and con- 
trol or guidance radars* Search radars scan 
the surface and the air for possible approaching 
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targets. Whenapossible target has be en detected 
a tracking radar is assigned to it 

TRACKING RADAR 

The tracking radar furnishes information 
as to the position of the target. All target 
position references are made with respect to 
the scan axis of the tracking lobe. 

The amount of energy in the beam falls off 
rapidly at points away from the center of the 
lobe. Figure 8-16 shows the relative amounts 
of energy transmitted at various angles to one 
side of the 16bea is. Because of the variation 
in transmitted energy, there will be a corre- 
sponding variation in the strength of signals 
reflected by targets at various angular dis- 
tances from the center of the 16be. 

The tracking system is automatic. After 
the tracking radar has acquired the target, 
tracking is maintained without the help of a 
human operator. But the action of the tracldng 
system is monitored by an observer, who may 
take over and track the target manually if the 
automatic system fails. 

Display of Information 

At the monitor station (llg. 8-1, part 2) 
indications of target position relative to the 
scan axis of the tracldng beam are presented 
on two cathode-ray tubes (CRTs) mounted in 
display consoles. Figure 8-17 shows how the 
vertical position of the target, relative to the 
scan axis, is presented on a CRT. In figure 
8-17A, the target is on the scan axis. Remem- 
ber that the tracking 16be is scanning a conical 
pattern in space. The 16be is shown in the 
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Figure 8- 16.- Variation in radiated energy* 
with distance from 16be axis. 



highest and the lowest positions of its scan 
pattern. For each of these two positions, the 
CRT produces a pip, the height of which is 
prqportional to the strength of the reflected 
signal. Since the two pips are of equal height, 
they indicate that the reflected signals are of 
equal strength ydien the lobe is in its highest 
and lowest positions. This can occur only when 
the target is vertically centered with respect 
to the lobes— that is, in a transverse plane 
through the axis of scan. 

Figure 8-17B shows the effect of a target 
above the scan axis of the beam. When the lobe 
is in its highest position, the target is directly 
on the lobe axis, and the height of the CRT pip 
is a maximum. When the 16be is in its lowest 
position the target is fkr oft the lobe axis; its 
reflected signal will be much weaker, and the 
pip on the CRT correspondingly small. This 
indicates that the target is above the scan axis. 

A second CRT indicates the relative strength 
of the reflected signals when the lobe is at its 
extreme left and extreme right positions. In an 
emergency, the operator can track the target 
manually by moving the radar so as to keep 
the pairs of pips of equal height on both CRTs. 

Each console (fig. 8-1, part 2, weapons 
direction system) has a visual indicator which 
is an oscilloscope, a cathode-ray tube with a 
fluorescent screen. Figure 8-18A shows the 
principal indicator on a target selection and 
tracking console, called the Plan Position Indi- 
cator (PPI). It displays the bearing and slant 
range of all the targets picked up by a selected 
search radar. Targets are displayed on the 
scope as radar video ^ips). To select a target 
and assign it to a tracking channel, the iterator 
positions the pantograph sighting ring over the 
target pip and then presses a channel button 
on the console. Pressing the button gains 
electrical access to that channel and simul- 
taneously causes an identifying channel letter 
to appear next to the target pip. Successive 
corrections of pantograph position by the op- 
erator develop target course aqd speed data 
that are inserted in the tracking channels and 
the computer. 

Figure 8-18B and C shows two plots pro- 
vided on the director assignment console— tiie 
plan plot and the multipurpose plot. The plan 
plot shows three range rii^s with true bearing 
nortt at the top. Each target being tracked 
appea^'8 on the display as a letter, and moves as 
the tai^et moves. The sector between the 
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Figtire 8-17.-Plps on the cathode- ray tube indicate target position in relation to the scan axis. 



clearance lines (fig. 8-18B) indicates the area 
in ^ich a missile director wovld lose track 
because its radar beam would strike tho ship^s 
superstructure. The clearance lines and the 
ship^s heading mark move electronically as the 
ship moves. 

The multipurpose plot is used primarily for 
making time comparisons, and is also used to 
Indicate the speed and height of targets being 
tracked. The three vertical lines A, B, an4£ 
in figure 8-18C represent the tracking channels 
being used to track targets A, and C. Changes 
are indicated vertically and you can read the 
values as 70a would read a thermometer<> 



The speed of missiles makes computers 
necessary to perform the fire control calcula- 
tions. The computer determines the proper 
lead angle for the launcher and transmits the 
signals, electrically, that drive tb^? \auncher to 
the proper aiming position. The ccaiputer also 
transmits tactical data such as present target 
position, future target position, and missile 
time to target intercept (time of flight), to 
diisplay units. 

CONTROL RADAR 

The components of a control (guidance ) radar 
are shown in figure 8-15A; the components in the 
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Figure 8-18.^Target Information Replayed on weapon console scopes: A. Target tracking Mn^to 
display; B. Weapon direction equipment console plan plot display; C. I^vnrio^m. 

missile which make use of the signals are 
shown in figure 8-2. 

As explained earlier, a conical scan is one 
in vAich the Idbe axis of the radar beam is 
moved so as to generate a cone. The vertex 
of this coi?e is at the antenna. It is possible to 
produce a conical scan by any of several 
methods. 



STABIUZATIQN ''^ 

A'Mtude stabilization of beam-rider missiles 
is nec jssary in addition to the guidance Infor- 



mation transmitted by the control radar. As 
with other types of missUeSi gyroscopes are 
used to indicate deviations about the missile 
axis of rotation. Gyroscopes also provide a 
spatial reference for the missile urtiich is re- 
lated to the vertical and horizontal axes of the 
control radar beam. In effect, the missile can 
tell which way is up or down, right or left, on 
the basis of its attitude with relationship to the 
gyros. For example, iKdien it receives an 
indication from the control radar that it is 
above the scan axis, the gyros provide the 
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internal references on ^Aiich the missile deter- 
mines that it must turn downivard to get back 
on the axis. 

Accelerometers are also included in some 
beam-rider missiles. Instead of providing 
positional information as in the inertial naviga- 
tion systems, they provide a refinement ^ich 
tends to prevent the missile from oscillating 
along its axes of translation and prevent over- 
shoot as the missile slides into beam center, 

ONE-RADAR SYSTEM 

In a one-radar system, the. guidance beam 
is alivays pointed direcUy at the target, since 
the same beam is used for tracking. One or 
more missiles can be in flight at ihe same 
time toward the same target. The traffic 
handling capacity of the system is limited only 
by mutual interference between missiles in 
the beam. Once a missile has entered the 
beam path, no further operations are necessary 
at ihe launching site, except to maintain target 
tracking. 

Countermeasures 

One factor must always be considered when 
an offensive weapon is used. That is, the 
enemy will always try to find countermeasures 
that will enable him to offset, or completely 
nullify, Vxe effectiveness of tiie weapon. Some 
attempted countermeasures are foirly easy to 
overcome; ottiers may be highly effective. 

Since radar is used as a guidance control, 
ttke system is stibject to any form of counter- 
measure that will interfere witti ttie radar 
beam. The interference may take the form of 
small sheets of metal foU, called ''window,'' 
dropped Iqr ttie target to give false infomiation 
to ttie tratUng radar. The radar mig^t, under 
some condttlons, be led to track the foU sheets 
rattier than ttie target. 

Another form of coontermeasure mlc^ be 
an enenqr radar set working on ttie same fre- 
quency a* ttie goldanee radar. This type of 
Interference is called '^Jamming.'' The nature 
of ttie beam-rMer guidance system gtves good 
sntljammli^ duuacterlstlcs because ttie beam 
is narrow and direettottal. The misstle -carries 
tts recetvliig aAtennas on Its after ettl«»oflfo 
on tts rear ttatoOm. These antemas are alsd 
directlonsl; ttiey are mbit sensttivi to signals 
originating behind the tniseilet and rdatlvdy 
inssnslttve to signals originating in fimit. To 



Jam the guidance beam effectively, the Jamming 
transmitter must get behind the missile. Thus 
a Jamming transmitter would be of little value 
as a defensive measure for a target aircraft, 
because once the target gets behind a given 
missile, it has already successfully evaded that 
missile. 

It is also possible to transmit the guidance 
beam as a series of pulses having a definite, 
coded sequence and amplitude. The missile 
can be set to accept guidance signals only if 
they follow the proper coded sequence, and to 
reject all other signals. By usii^ a variety of 
code sequences, and by changing them often, 
it is possible to make successful Janmiing 
very unlikely. 

Capture Beam 

Beam-rider guidance is used by both air- 
to-air and surface-to-air missiles. In neither 
application is the missile actually in the guid- 
ance beam at the instant of launching, and the 
pr6blem of getting it there must be solved. 
For air-launched missiles, this is relatively 
easy; the missiles are carried beneath the 
wings of the aircraft, fiiirly close to the guid- 
ance radar, and they are fired directly for- 
ward. In most situations this is toward ttie 
target, and thus parallel to the guidance beam. 

But when a surfoce-to-air missile is 
launched from the deck of a ship, the^^capture'' 
prdblem is more complex. The missile may 
be trained at almost any angle (except into the 
ship's superstructure). Because the blast of 
hot gases from the missile booster is deflected 
aloi« ttie deck at the time of launching, a large 
area around ttie launcher must be kept clear. 
The guidance radar must therefore be located 
at some distance from ttie launcher. The 
missile cannot be launched directly toward 
ttie target, on a course paraUel with the guid- 
ance beam. Instead, it must be launched in 
such a direction that it will CROSS ttie guidance 
beam a few seccmds after launching. It will 
then turn toward ttie target, after it has been 
captured by ttie beam. 

But because ttie guidance beam is narrow, 
mer^y aiming the missile to cross it is not 
enough to ensure capture* To make capture 
mwe certain, a broad CAPTURE BEAM (fig. 
8-19) is superimposed on the narrow guidance 
beam. Because ttie energy in the capture beam 
Is spread out over a large area, tts effective 
range is rtmrt. 
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Figure 8.19.-Beam.rlder guld^^^ A. Relattonahlp of guidance 16be and capJe^*e/^*^® 
B. Tne missUe and capture^ guidance, and tracking beams. 



During the launching phase of missile flight, 
the coDtr^ surfaces on the missile usually are 

rS't^J'lJ^ "J^^ tooperilve. 
The booster propds the missile in adirectiOQ 
esloaated to idaee it wltfain the capture helm. 
When tile booster drops aiwty, the tontrol 
surfaces are unlocked and the guidance system 
takes over. The missile receiver is tuned to 
respond to fttm capture beam, and to seek its 
axis. In so doing, it turns itself toward the 
target and' aligns itself in the guidance beam, 
which has flie same scan axis as the capture 
beam. Alter a preset Interval, a tiniii« device 
within the missile changes flie receiver tuidng. 
The missile wiU then reject signals from the 
capture beam, and reqpond only to those in the 
guidance beam, vMch has a different coded 
signal • ' \m 

Close-in Targets 

The sing^e-radar beam-rider system, be- 
cause it uses only one radar instead of two. 



has flie advantage of simplicity. But the use 
of a shigle radar results in a serious pr6blenu 
Remenober that the guidance beam is also the 
tracUng beam, and must therefore be pointed 
at flie target throughout ttie missile flight. 
Except in one special case-^en the target is 
fl]ring directly toward the transmltter-^the 
radar must be trained in order to follow the 
target. For a nearbyf hl^-speed, crosstab 
target, the angular rate of train wlU be high. 
The missile course, therefore, cannot be a 
strai^t line. The missile must constantly 
move sideways hi order to stay in the beam. 
While tile missile is rdatively close to the 
transmitter, its lateral rate is small. But, 
as ttie missile approaches ttie target, flie same 
angular, rate of train will require increaslw 
lateral acceleration of the missile. 

Figure 8-20 illustrates this problem by 
ahowing three successive positions of flie tar- 
get and the missUe. In this example, the beam 
is trained to flie left at an almost uniform 
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Figure S-ZO.-Beam-ridermissilefollowingllne 
of sight (LOS) course, increases lateral ac- 
celeration as it nears target. 



rate. The missile, in order to stay In the 
beam, must accelerate to the left at a rapidly 
increasing rate. In the »treme case shown 
in the figure, the missile as it nears the target, 
must follow a path almost at a right angle to 
the beam. Even with its control surfitces in 
their extreme positions, ihe missile vmiA 
prdbably be unable to turn at the required 
rate. Thus a one-radar beam rider might be 
useful against approaching targets, but ineffec- 
tive against hif^-speed crossing targets. 

TWO-RADAR SYSTEM 

The two-radar beam-riding system uses 
one radar to track the target and a second 
radar to guide the missile (fig. 8-21A). A 
computer is used between Ihe two radars and 
controls the guidance radar. The computing 
system uses information from the tracking 
radar to determine the trajectory necessary 
to ensure a collision between the missile and 
ttie target. Because the same radar beam is 
no loi«er used fbr botti tracking and guidance, 
the missile need not follow a line of sight 
paUi, as was ttie case with a one-radar systenM^ 
The gotdanee beam may be directed into space 
aloi« a programmed tuget intercept patti (tig. 
8-21B). The speed of flie missUe is known, 
the speed of the target is edeulated, and the 



collision point is computed from these facts. 
The guidance beam can then be directed (pro- 
grammed) to the calculated point, and the 
missile follows the guidance beam as soon as 
it orients itself after capture by the capture 
beam. This is sometimes called an "up-and- 
over" type of night path. It permits the mis- 
sUe to reach high altitudes rapidly, where ihe 
propulsion system can operate more efdciently, 
thereby achieving greater speed and range. It 
also makes enemy countermeasures more dif- 
ficult. 

Equipment 

The two-radar beam-guidance system is 
more complex insofar as ground equipment is 
concerned, because of the addition of a com- 
puter and a second radar (fig. 8-21A). The 
equipment in the missUe is the same for either 
system. 

From the information that has been given, 
it may be seen that the computer is an impor- 
tant part of a two-radar guidance system. 
The computer takes information— speed, range, 
and course-ftom the tracking radar. From 
this information, it computes the course that 
must be followed by the missile. Since the 
computer receives information constantly, it 
can and does alter the missile course as nec- 
essaiy to offset evasive action or changes in 
course by the target. The output of the computer 
controls the direction of the guidance radar 
antenna. Required course changes are instantly 
transmitted to the missile by pointhig ttie 
guidance beam toward the newpoint of intercept. 

Countermeasures 

The same countermeasures which would 
affect a one-radar system could be used against 
the two-radar system. But it would be more 
dlfHcult to destroy control effectiveness, be^ 
cause of the two radar beams and ttie computer 
action. The computer stores guidance infor- 
mation as it determines ttie trajectory ttie 
missile is to follow. Therefore, even if ttie 
tracking beam were interrupted by counter- 
measures for a short time, the computer would 
stlll**be able to maintain ttie guidance beam, 
and hold the missile on a probable collision 
course with the target. 

As we mentioned earlier, lateral accdera- 
tion presents a serious prdblem when a one- 
radar guidance system is used^ becauee ttie 





Figure 8-21.-Beam-Pidep guidance: A. Two-radar hesik riding guidance: 
B. The progranuned beam-rider. 



missile course is changed by the angular 
movement of the tracking beam. Thlsprtiblem 
is not present in a two-radar guidance system 
because the missile course is directed toward 
a coUision point (fig. 8-21B), rattier than toward 
ttie constantly changing position of the target. 
Because course information is continuously fed 
to the missile guidance radar, the missile 
trajectory is straigtat or only dightly curved 
from the launching point to the target 

Countermeasures have become a standard 
part of military operations. The counter- 
eomtermeasure must dimlnate tte effects of 
the countermeasure so the system can still 
perform successfully. 

Any countermeasure, such as chaff and 
decoys, which gives fUse target infbrmation 
temls to obscure tte true target position and 
may overload the systom wtOi false targets. 
A highly trained oporator or an accurate dis- 
cerning mechanism capable of distii«ulshii« 
ftlM targets from real ones la tte mgit ef- 
fective eounter-coontermeaaare. Jamming 
signals eanse loss of fhetargetaignal and there- 
fore loss of target positton. Bffeetlve aatijam- 
ming devices have been dsvtioped and are 
installed on some sUps and aircraft. 

■m 



It is iiiq;)erative that folse targets be recog- 
nized in the initial stages, for once the weapon 
system starts tracking ttie false target, the 
purpose of the &lse target is accomplisbed, 
A large munber of targets, real or false, can 
overload the tracking system and cause a 
breakdown* 

UBOTATIONS 

Every mechanical or electrical system has 
limitations ttut cannot be exceeded. When work- 
ing with complex mechanisms, such as guided 
missiles, it is as important to know limitations 
as it is to know the capabilities. Unless the 
limitations are known, a costly missUe mi^t 
be wasted. 

One Important limitaticm is the "Mi»<nwm 
range at which reliable control can be main- 
tained. We have mentioned line of sight 
limitation. Bear in mind ttuA this statement 
does not mean that the missUe must remain 
wittiin range of vision. U does mean that con* 
trcd may be lost if the patli between the missUe 
and the guidanee radar extends over ttie hori- 
son or is blocked by hills or mountains. The 
perfection of over-the-horlson radar systems 
wm make this limitation a ihii« of the past. 
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Another limitation, previctarty mentioned, 
is trjmsmltter power. In theory, at least, any 
amount of power can be generated. Radar 
systems through pulse techniques make it pos- 
sible to get large peak power output whUe keep- 
ing the average power output within reason^le 
limits. Practical guidance systems have power 
limitations due to cost, size, and wielght. Obvi- 
ously, buUqr equipment cannot be easily trans- 
ported or instaUed aboard ships or aircraft. 
Therefore, a compromise must be reached to 
ensure useful results with equipment of rea- 
sonable size. 

It diould also be kept in mind that the radar 
beam increases in wldtti and decreases in 
power as the range is extended, resulting in a 
decrease in botti tracking vad guidance accu- 
racy at loi« ranges. Great improvements in 
both rai^e and accuracy have been made by 
modem advances in radar technology. 



The susceptibility of a guided missile to 
countermeasures is a limitation to its use. 
The effectiveness of countermeasure action can 
be greatly reduced by using coded-pulse modu- 
lation of the radar guidance beam. 

Missile enthusiasts at first believed that 
missiles would replace all other types of ord- 
nance, including small arms. Reflection and 
experience have shown that guided missiles 
are not the complete answer to the defense 
prdblem. Most guided missUe ships are equipped 
with 3-inch or 5-inch guns as well as missiles 
and other forms of ordnance. Some of the 
early conversions to guided missile ships, in 
which the guns were removed to make room for 
an all-missile installation, are now being re- 
equipped with guns to supplement the missiles. 
Although there are many sizes and types of mis- 
siles, they are not the best soluticm for every 
defensive or offensive tactic. 



CHAPTER 9 



HOMING GUIDANCE 



INTRODUCTION 

GENERAL 

In previous chapterSi we have discussed 
guidance systems fliat are designed to place 
and hold a missile on a collision patti with its 
target. As we have explained previously, mis- 
sile guidance can be divided into three phases: 
launching, intermediate or midcourse guid- 
ance, and terminal guidance. The proper ftmc« 
tioning of the guidance system durii« the 
terminal phase, when the missUe is rapidly 
approaching its target, is of extreme impor- 
tance. A great deal of work has been done to 
develop extremely accurate equipment for use 
in terminal-phase guidance. 

This chapter will discuss some of the hom- 
ing systems fliat have been found to be effective 
for terminal guidance, as well as some sys- 
tems fliat, in their present state of develop- 
ment, have serious limitations. 

The expression HOMING GUIDANCE is used 
to describe a missile system ttat can ''see'' the 
target by some means, and flienby sending com- 
mands to its own control surfaces, guide itsdf 
to flie target. (Use of the word ''see'' in ttiis 
context does not necessarily mean that an optical 
system is used. It simply means that the target 
is detected by one or more of ttie sensing sys- 
tems that win bedescrlbedUiterintfiisdiapter). 

Hondqg guidanee is used not only for ttie 
terminal guidanee of some missiles, but also 
for ttie entire fUgbEt, particularly for Aort- 
range missiles. Tbe radar-h(mring Lark is the 
first asMaircraft missQe tnomn to have inter- 
cepted and de str o ye d a target drone. TheBat, 
used against Japanese Alppfng in World Warl^ 
mis ttie first suecesstal radar homing misfile. 

BASIC PRINCIPLSS 

Bonm hontfng gutdsnee systems are bated 
on use of me char ac t er tsttcs of flie trn^et itsdf 



as a means of attracting the missile. In other 
words the target becomes a lure, in much the 
same manner as a strong light attracts bugs at 
night. Just as certain lights attract more bugs 
than others, certain target characteristics pro- 
vide more effective lioming information than 
ottiers. And some target characteristics are 
such that missiles depending onthemforhomii^ 
guidance are very susceptible to countermeas- 
ures. 

Other homing systems illuminate ttie target 
by radar or other electromagnetic means, and 
use the signals reflected by the taiget for 
homing guidance. 

The various homing guidance systems have 
been divided into PASSIVE, SEMIACTIVE, and 
ACTIVE classes. The name of the class indi- 
cates the type of homing guidance in use. 

The PASSIVE homing systems are based on 
use of the diaracteristics of ttie target itself 
as a means of attracting the missile. The 
target becomes a lure, as described above. 
One sudi system uses radio broadcast waves 
firom ttie target area as signals to home on. 

If tbe target is iUundnated by some source 
ottier than itsdf or equ^iment in ttie missUe, 
ttie system is knoirn as a SEMIACTIVE HOM- 
INO system. For example, ttie target might be 
illuminated by radar equipment at the missile 
laundiing station. 

If ttie target is iUuminated by equipment in 
ttie ndssOe, the system is caUed an ACTIVE 
HOMINQ guidanee system. - An example is a 
system flat uses a radar set in flie missUe to 
illttminate ttie target, and flien uses ttie nUhr 
reflections from flie targetformissaegutdanee. 

A modified version offliesemiaettve guidance 
tedmiqne is knoim as a qittsi-acttve bmdx^ 
g uid a nc e system. 

The components of homing guidance systems 
are essentially flie same In an types of homiiv, 
but there are d iffere n ces in location and in 
meflKxIs of using flie components. 
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TYPES OF MISSILE RESPONSE 

When the control surfaces of the missile 
are activated by one of the guidance systems, 
the missile is showing response to the guidance 
signals. A number of systems have been 
devdoped to respond to a variety of signal 
sources. These sources are: sound, radio, 
radar, heat, and light. 

Sound 

If we go through the frequency spectrum 
from low to high, we can list systems in order 
of frequency and start in Ihe audio (low) range. 
Sound has been used for guidance of naval 
torpedoes, which home on noise trom the target 
ship's propellers. But a guidance systembased 
on sound is limited in range. The missile or 
torpedo must use a carefully shielded sound 
pickup, so that it will not be affected by Its 
own propulsion noise. And while ihe speed of 
a torpedo is low compared to the speed of 
sound, most guided tnissUes are supersonic. 
Because of these limitations, no current missile 
uses a guidance system based on sound detection. 

A system based on sound detection is known 
as an acoustic system. During World War II 
the Germans weredevdoptngtwotypesof acous- 
tic giddance systems for use on ttieX»4 missile, 
but the war ended before they were tried in 
conibat situations. An acoustic homing system 
Is practically impossible to Jam, and decoy 
devices are equally impractical. But the dis- 
advantages mentioned above have not been offset 
by discoveries or Invmitlons ttat make adequate 
use of flie advantages. However, sound waves 
bdiave differently under water ttian In the air. 
Guided missiles whose terminal phase is under- 
water make use of sound waves for guidance. 
Torpedoes and antisobmaxine missiles are of 
tbUB category. 

Radio 

Most hondnK gutdance systems use dectro- 
magnetic radiations. Radio waves are used in 
one passive homing systenu Homing Is aecom- 
plIAed by an y«^^«»*«aH<» radio <firectloa finder 
In the ndssils. The eq Mlp m ent is tuned to a 
station in fhs tarprt ana^ and the mn&B 
Imnes on that staUon. TItfg homing systni is 
not restricted tqr wealhsr or viMbOfty. But ft 
Is mdlk^ mat a raAo transmlltsr would be 



operating under war conditions. In addition, 
radio Januning can do a most effective Job of 
conftising a missile that uses radio for homing 
guidance for it would receive signals from 
several directions at the same time. 

While it is possible to do a thorough Job of 
confusing a radio homing guidance system, 
there is one possibility that cannot be over- 
looked. The enemy nmst use electromagnetic 
systems for communications and search, and 
these systems can be used as a source of 
guidance sigmds. Also, it is possible for sub- 
versive agents to plant small, hidden radio 
transmitters in target areas. 

Several radio navigation techniques have been 
applied to missile guidance. During World War n 
the Germans devised a complex radial system 
called Sonne. Circular methods of radio navi- 
gation were used for blind bombing. Position 
of the target was determined by finding the 
location on a circle or circles about known 
locations, measured by two ground station 
signals. 

Radar 

Although radar can be used for all <dasses 
of homing guidance, it is best suited for the 
semlactive and active classes. At present, 
radar is the most effective source of informa- 
tion for homing guidance systems. It is not 
restricted by weather or visibility, but under 
some conditions it may be sidbject to Jamming 
by enemy countermeasure equipment. 

Radar guidance Is tlie type most used for 
homing. Terrier, Talos, Tartar, and l^;»arrowIII 
use ttie semlactive homing. 

Heat 

One form of passive homlngsystemuses heat 
as s source of target information* AnoUier 
name appliqg to this system is INFRARED 
homing guidance. Heat generated by aircraft 
engines or rockets Is difficult to shield. In ad- 
dition, a heated paOi is left in the air for a 
short time after the target has passed, and an 
ultra-sensttlve heat sensor canfollowttie heated 
path to the object One present limitation is 
ttie se nsitivity of sensor units. As sensor units 
of Utfier sensitivity become avalUUe, Infrared 
homing guidance will become teereasln^ ef- 
fective. Sndi sy s tems wQl make It iBfHctdt to 
Jam tte homing dreotts, or to decoy the ndsslle 
awsy from tbB target. 
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Light 

A passive homing system could be designed 
to home on light given off by the target. But, 
like any optical system, this one would be 
limited by conditions of weather and visibility. 
And it would be highly susceptible to enemy 
countermeasures. 

A quasi-optical Byatem which uses a tele- 
vision camera in the nose of the missile has 
some interesting possibilities. The TV senses 
the missile-aiming error, transmits the picture 
to the launching aircraft, ground tttation, or 
shU>» where the corrective orders are computed 
and sent to the missile. 

USE IN COMPOSITE SYSTEBAS 

III command and beam-rider guidance, the 
missile is controlled from the launching site, 
or firom some other point at a considerable 
distance from the target. But neither of these 
systems is very effective against moving tar- 
gets, except at relatively Aort ranges. The 
reason is dbvious. The closer the missile gets 
to the target, the farther it is from its control 
point. At long range, a very small angular 
error in target tracking, missile tracking, or 
beam riding could cause the missile to miss 
its target by a wide margin. 

Sidewtaider is a Navy missUe that uses 
homing as its only source of guidance. It has 
been used very effectively at rdatively short 
range. But homing systems are based on infor- 
mation radiated from, or reflected by, the 
target itself. For targets at intermediate 
ranges, such signals are extremely weak, and 
could be used only by missiles wifli powerful 
and heavy guidance equipment. At long range, 
such sigials are entirely unavailable. 

An answer to ttiis problem lies in ttie use 
of a composite guidance system. In this sys- 
tem, the missne is guided dmb^ Its faiterme- 
diate phase by information transmitted from 
the launehhig site, or other fHendly control 
pctot. Dtn rto g flie terminal phase. It Is guidedby 
informatloQ from tte target* For intermediate- 
range ndssQes, either command or beam-rider 
gnidanes Is softdble durtngflieniMeoitrseidiase. 
A long«»nage ndssne wMld depend eiflier on 
preMt or navigational goldanee to brfa« If to 
the target vlelnity. IfissOes of both classes 
can awttefa ov«r to homing gutdaaee, based on 
fBtnnA or radar nuBaUons, as fliey eitter ttie 
termini phase. At Intermediate rai«e, the 



switchover is usually accomplished by radio 
command. At long range, it is controlled by a 
navigational device, or by some form of built-in 
programing system. 

The U.S. Navy missile program makes use 
of composite guidance systems in several of 
its operational missiles. Talos is a beam 
rider during its midcourse idiase, and switches 
to radar homing for terminal guidance. Other 
missiles, such as Terrier, Sparrow, Shrike 
and Tartar, use homing guidance systems in one 
form or another for terminal guidance. Although 
Asroc is called an imguided missile, it uses 
active acoustic homing guidance in its under- 
water phase. 



HOMING TRAJECTORIES 

A homing missile uses one of two methods in 
approaching a moving air target. When the 
missile flies directly toward the target at all 
times, its flight path is described as PURSUIT 
HOMING, or ZERO BEARING HOMING. When 
the missile anticipates the future position of 
target, it uses the LEAD HOMING method. 

PURSUIT HOMING 

As shown in figure 9-1, the use of pursuit 
homing results in a rigorous diase. Note that 
ttie line of sight (LOS) is always pointii^ 
directly ahead of the missile, thus the term 
zero bearing. 

All of the homing guidance systems we have 
described have had the sensor unit (thermopile, 
light cell, microphone, television camera, or 
antenna) mounted in the nose of the missile. 
The sensor is fiBcCd to the missile tnme so 
that it maintains a constant relationship to Ibe 
missile axis. The equipment in the missile is 
then able to process ttie information picked up 
by ftke sensor, so ttiat the missile can be 
continually pointed toward the target. 

N otice in figure 0-1 how the flight path must 
curve as flie missile approaches the target. 
The sharp curvature in the pafli sets up stroi^ 
lateral accelerations during the terminal phase 
of fliglit. These transverse accelerationa pre- 
sent a strong objectlcm to the use of a s^ro- 
bearing approach agalnsthigh-speed air targets. 

There are two basic dbjeetions tothepursuit 
mcOiod. First, flie maneuvers re^dred of ttie 
missile become increasingly difficult durti^ttie 
laM (and crttleal) stages of flight. Second, 
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Figure 9-1.— Pursuit homing, or zero bearing flight path. 



mimfle speed nmetbeconslderablygreaterttian 
target speed. As aho^ in tiie figure, flie 
flhurpest curvature of flie mlssfle flig^ paUi 
oeeurs near ttie end of the fUgfat. At tills 
time, the ndssUe must overtake tiie target. 
U ftkm target is attenqiting to evade, ttie last 
mimrte aceeleratkn , reqt^emeots placed on 
flie missfle coidd eiceed its aeroclynamlc capa^ 
Vaxtf^ ther^ canstaig a miss. Itaar ttie ettd 
of flie flight, ttie missfle is ''coasting'' becanse 
the booster and rodset motor flkrusto lift for 
a sliort put of tiie fliglit« Ifore power is re* 
quired to make iterp raAns, high speed tmms 
at a ^ime nheii tiie missile is losing speed and 
has least turning capability. 



The most favorable application of pursuit 
courses is against slow moving targets, or 
for missfles laundied from a point to the rear 
of the target or directly toward a head-on 
incoming target • 

LEAD AMOLE OR COLLISION COURSE 

The second mettiod of approadi to ttie 
target is caUed LEAD ANGLE course, tt is 
also known as a CONSTANT BEARniQ or 
COLLISION course or PROPORTIONAL NAVI- 
qATIDN. Tbe trajectory of a ground-to-air 
missfle nMng tills metiiod of approach is rtiown 
in figure i^2» 
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Notice ttiat the missile path from the launcher 
to the collision point is a strai^t line. The 
missile has been made to lead the target in 
the same manner as a hunter leads a bird in 
flight. In order to lead the target and bbtain 
a hit, a computer must be used. The systems 
devised for computing lead angle for guns have 
been adapted for missUe firing. Lead ai«le 
has alivays had to be computed in order to dbtain 
a hit on a moving target. The hunter has to 
estimate mentally how &r ahead to aim in 
order to hit flie running game or flying bird. 
Early gunners devised various mechanical aids 
to help ttiem locate tbe target, estimate its 
speed, determine its direction of movement, 
and compute the amount of ''lead** necessary 
so they could fire where the target was goii« 
to be at the time ttie bullet or shell.would get 
there. Modem rapid-firing guns and supersonic 
missiles are much too swift for such calcula«> 
tions. Computers are necessary to tw^k f^ 
calculations as speedy as possible, and elec- 
tronic control signals are needed to keep the 
ndssae on the calcolsted course. 

The computer continually predicts ttie point 
of missae Impact wtlhth«target« Ifthetarget 
takes no evasive action, flie point of tmpajst 
rtatttins file same from launddng time until the 
missae strikes, flimikl the target take evasive 



action, the conqniter automatically determines 
a new collision point. It then sends signals to 
the guidance package or control unit (autopilot) 
in the missile, to correct the course so that it 
bears on the new collision point. 

As shown in figure 9-2, the collision point 
and the successive positions of missile and 
target form a series of similar triai«les. If 
the missile path is the longer leg of the tri- 
angle, as it is in the figure, the missUe speed 
must be greater ttian the target speed-but it 
need not be as great proportionally as with a 
zero-bearing approach. 

The transverse acceleration required of a 
missile using the lead-angle approach is com- 
paratively small. 

hi lead homing missiles, the missile com- 
puter network calculates the rate of chaise of 
lead angle and generates a solution which, when 
applied to the controllers, will cause flight 
pafli corrections to reduce the rate of change 
to sero. When ttiis has been done, the missile 
will be on a collision course wttti the target* 
Should the target change course, the lead a^sle 
will change. The missUe sensors will detect 
this dnnge, and tiie computing network will 
determine a new scAution to put the missile 
back on a collision course. The missUe turns 
at a rate proportional to the rate of the line of 
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sight rotation and in the proper direction to re- 
duce the rotation of the line of sight to zero 
(proportional navigation). The final (and most 
important) part of the flight path will be a 
straight line. Therefore^ the accelerations 
required by the missile at this time are negli- 
gible. 

PASSIVE HOMING SYSTEM 
GENERAL 

As mentioned earlier inthis chapter, passive 
homing systems can be used when the target 
itself radiates information. Therefore, all of 
the response systems, with the possible excep- 
tion of radar, mifi^t be used. The exception 
to .radar would not apply if a signal from the 
target could be picked upby a radar receiver set 
in the missile. This system would be unreliable; 
^e only source of taz*get information would be 
under enemy control, and could be switched off 
at will. But missiles using such a system 
would have one distinct advimtage: they wc^. 
deny the enemy the use of his own radar. 

Passive homing guidance can be used for 
air-to-air, air-to-surface, surface-to-surface, 
or sur&ce-to-air missiles. One main advantage 
of a passive system is missile equipment sim- 
plicity. No transmitter is needed in the missile, 
and the missile tracking equipment can be very 
small and compact. A second advantage is that 
the passive system is an independent system 
once the target is acquired. 

BASIC PRINCIPLES 

The passive homing systems most wlddy 
used at present are based on infrared radiation 
f^om the target. The sensing mechanism is so 
designed that it candetermlnettedirectionfrom 
whidi ttie Infrared radiation is received; the 
guidance system can then steer the missile In 
that direction. There are several waysto which 
the sensing device can be made todetemdnethe 
direction of an Infrared source. For example, 
two sensors could be mounted with a bafOe be» 
tweenttiem, soUiat Oie one on ttie rlg^ can re- 
ceive radiation from straight ahead, or firom any 
point to the r^^ of tiie mlsnfle yaw aads* The 
other sensor will receive nuBationeomlntff^om 
stra^ ahead or trtm tte oHwr side of ttie yaw 
axis. WhM boft sensors receive the same 
amount of radiation, flie targetisdirecltyahead. 
H the radiation is stronger on one side, ttie tar- 



get is obviously on that side. A second pair of 
sensors could be mounted vertically to sense 
radiation above and below the pitch axis. 

Another infrared passive homing system 
makes use of a sensing device mounted in gim- 
bal8| and driven by servomechanisms. The sys- 
tem is so designed that the sensing device will 
constantly be trained on the target. Thus the 
train angle of ttie sensor with relation to the 
heading of the missile can be used to produce 
correction signals. 

A passive homing device that uses radiofre- 
quency intelligence is a radio direction fhider. 
Intelligence may be derived by comparison of 
phases, as with a pulse type radar. However, 
detectors of this tjrpe depend on radio or radar 
radiation from ttie target. If the target main- 
tains radio and radar silence during an attack, 
this means of detection is useless. For practi- 
cal reasons, therefore, a passive homing system 
diould rely on only those sources of energythat 
cannot be controlled by ttie target. Heat and 
light are two such sources, alttioughli^its can be 
bladced out to prevent detection. 

Properties of Heat Radiation 

Before examining several types of infrared 
sensors, let us take a closer look at ttie subject 
of heat radiation. 

Heat is produced by any material whose 
temperature is above absolute zero (-273.16^C. 
or -4S9.69'' F.). Heat is a result of ttie motton 
of molecules; it is a form of kinetic energy 
which can be transferred by only three proc- 
esses. 

In ttie process of CONDUCTION, ttie heat 
energy is transferred from molecule to mole- 
cule by actual contact. Metals, In general, are 
good conductors of heat. Gases are much poorer 
conductors of heat ttian solids, due to the rela- 
tlvdy large distances separating ga^ molecules. 

CONVECTION is ttie process of transferring 
heat by movement of a heated substance. For 
exam(fle, a home ftamace warms ttie afr around 
It. Due to Its Increase In temperature, ttie air 
will rise and therefore carry ttie heattoanother 
location. 

Our main source of heat^ttie sun-^-supplies 
us wttti heat energy ttirouglithevacunm of space. 
This heat energy Is transferred by the process 
of RADCATIOM, ttiat is, ttie process of deetro- 
magnetic wave transmission. The riectromag- 
nettc waves idddi produce heat in any object 
that absoibs them are called hitkared waves. 
Figure 0*3 ahows the Infrared portion of the 
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Figure 9-3.— Infrared portion of 
electromagnetic spectrum. 

electromagnetic spectrum. It is between the 
visible lii^t and ttie microwave (radar and radio) 
regicms. The frequencies in the infrared spec- 
trum are in the millions of megacycles. In this 
Illustration, the wavelengths are in microns. A 
micron is equal to 1 x 10-8 meters in length. 

The infirared spectrum maybe siAxIivided in- 
to the near-infirared (Mm) (0.7B to 2.00 microns), 
the Uitermediate inb-ared (OR) (2.00 to 6.00 
microns), and the far ittfrared (FIR) (6.00 to 
1000 microns). ^> 

It is interesting to note ttiat the frequency of 
infrared radiations emanating from a body is 
determined by the motion of Ihe surface mole- 
cules. Since this motion is random, the infta- 
red radiations consist of many frequencies. 
The frequency of maximum radiation, however, 
depends on ttie temperature of the body. Figure 
0-4 is a plot of the radiation from four bbjects 
of differmt temperatures. Note ttat very high 
temperatures produce botti visible and infrared 
radiation, and fliat cooler dbjects produce only 
Infrared. 

Heat-Detecting Sensors 

^ view of tile rather simple meHiods of 
countering light sosors and radio sensors (dis- 



cussed earlier in this text), the infrared sens-^rs 
have proved most satisfoctory for the passive 
homing systems. Some of the heat sensors 
which mic^ be used in passive homing missiles 
are described below* 

THERMOCOUPLE.-One of the basic heat 
detectors is the thermocouple. When two dis- 
similar metals such as iron and copper are 
Johied together and heat is applied to the Junc- 
tion, a measurable voltage will be generated be- 
tween them. This is sometimes called the See- 
beck (a German physicist) effect. Figure 9-5 
shows a basic thermocouple. 

The voltage difference between the two metals 
is quite small, but the sensitivity can be in- 
creased to a point where the thermocouple be- 
comes useful as a detector of heat. The in- 
crease in sensitivity is Obtained by connecting, 
or stacUngf a nuniber of thermocouples in se- 
ries, so ttiat they form what is known as a 
THERMOPILE. The complete thermopile ac- 
tion is similar to that 6btained when a nund>er 
of fla s hlight cells are connected in series. That 
is, the output of each individual thermocouple 
is added to ttie output of the others. Thus, ten 
thermocouples with individual output voltages of 
.001 vdlt, would have a total output of .010 volt 
when connected in series. 

The sensitietty of a thermopile can be ftirther 
increased by mounting it at the focal point of a 
parabolic reflector. When this method is used, 
heat given off by the target is focused on the 
thermopile by the reflector. By making the de- 
vice rotatable, the source of highest Inteifiity of 
heat radiation may be located. 

BOLOMETBRS.-A bolometer is a device 
made of a very sensitive material whose re- 
sistance will vary, depending on the amount of 
infirared radiation to trtiich it is exposed. 

Th ere are two main classes of bcdometers— 
BARRETTERS and THERMISTORS. A barret- 
ter consists of a short lengtti of very fine wire 
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Figure A basic thermocouple. 

(usually platinum) ^ich has a positive tempera- 
ture coefRcient of resistance. (A resistance has 
a positive temperature coefHcient if its value 
increases with temperature, and a negative co- 
efHcient if its value decreases vrtth an increase 
in its temperature.) The thermistor is a type 
of variable resistor made of semiconduciUhig 
material, such as oxides of manganese, nickel, 
cobalt^ sdenium, and copper. The thermistor 
a negative temperature coefficient of re* 
sistance. Thermistors are made in the form of 
beads, didcs, rods, and flakes, some of which 
are shown in figure 9-6. The bead thermistor 
(fig. 9-6B) could be used as a sensing- element 
pickDft unit as well as in a control system. It 
has small mass and a diort time constant. 

The heat-sensitive materials of thermistors 
are mixed in various proportions to provide the 
specific diaracteristics of resistance versus 
temperature necessary for target detCjCtion. 
The thermistor has tiie larger temperature co- 
efficient of resistance, and ttierefore is the 
more sensitive. 

Figure 9-7 shows a simple modem bolome- 
ter; it consists of four nicMl strips supported 
by phosphor tyroue springs. These sprtaigs are 
supported by mounting bars, which have elec- 
trical connection leads attadied to ttiem. A sil- 
vered pandxfllc reflector (mirror) is used to 
fdcus inCrared rays on flie nickel strips. The 
bridge unbalance current, produced as a result 
of resistance changes, is used to set in motion 
the ottier sections of tiie guMance system to 
produce correction signals. 

GOLAT DBTECTOR.^-Stlll anottier form of 
infrared detector isaGOLATDBTBCTORdiown 
In figure 9-8. R is also known as a pneumatic 
detector. This detector is a miniature heat en- 
gine. The Golay heat cdl operates on the prln- 
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Figure 9-6.— Thermistors: A« Various thermis- 
tor forms; B. Construction of bead thermistor. 

ciple ttiat a pressure-volume change occurs in a 
gas yAim its temperature is changed. At the 
forward end of the cell is a metal chandber 
which encloses the gas. The front of the cham- 
ber is covered by a menbrane, vteich acts as a 
recetvliv dement* The back of the chandber is 
closed by a flexible mirror menibrane. Infra- 
red energy entering ttie window raises the tem- 
perature of ttie gas in the chamber and causes 
expansion of ttie gas. The resulting increase in 
pressure distends the mirror membrane. 

The lamp at flie after end of ttie detector 
emits aUght beam which is focused by the lens 
and ttieii passes , through the grid and onto the 
reflecting diaphragm. The expansion and con- 
traction of the gases t>etween the window and 
flie diaphragm wm cause the diaphragm to diange 
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Figure 9-7,»A simple modem bolometer. 

its diape in proportion to the amount of infrared 
entering the window. Changes in diape of the 
diaiAragm wiU cause its light-reflective proper- 
ties to vary accordingly. Tlie li^t reflected 
from flie diaphragm will then pass back tturoi^h 
the grid, which is designed to intensify the vari- 
ations of the reflected light. After passii« 
ttirough the grid, some of ttie light strikes the 
mirror and is reflected to a photocell of hi^ 
sensitivity 6iot shown in flie figure). The output 
of ttie photocell is a voltage proportional to the 
intensity of the Infrared radiation entering the 
window. 

The Golay detector has the most ri^id re- 
sponse of any Infk^ared detector, but it can 
operate only when radiant heat is received inter* 
mittently. For some guidance systems this fac- 
tor makes the Golay detector useless; in otters 
it causes no difficulty. 

PHOTOELECTRIC CBLLS.-.In the light- 
homing guidance systems, «he pickup device or 
sensor is a photodectric cell. The operation of 
this device is based on 0ie fact ttat certain 
metallic sid)8tances emit dectrons whdn they 
are exposed to light. Modem photoelectric 
cells are quite sensitive to li^t variations; but, 
because light is eastty interrupted, the system 
is stibject to intof crence. One type of photo- 
electric cdl is shown hi figure 6-2. 

The direction to pbotodsctrtc cells hasbeen 
partially removed by the recent dev«lopmeat of 
cdas wlBi a smsittvity in Old infirarw region. 
However, the eaten s i on of Oie range of opera- 
tion changes the sensor from a pure photoelec-> 
trie device to a tbotnodsctrlc device. R is 
ttien similar in operation to a heat sensor. 



Rapid advances in the theory of photocon- 
ductivity and in the technology of constructing 
practical radiation detectors based on this 
phenomenon have greatly Improved the focility 
with which measurements can be made in the 
region 1 to 5 microns. The materials use^ ^re 
sensitive throughout the visible spectn*- . / 1 
as in the infrared. The cell that i /e 
over the widest range of wavelenguis is not 
necessarily the best choice for each application^ 
Photoconductive cells do not depend for their 
renpcfOBe on being warmed by the incomii^ 
radiation. 

Photodetectors are of three tj^pes^-photo- 
conductive, photovoltaic, and photoemissive. 
The photoconductive type is the one we have 
been describing. It uses material ttat varies 
in resistance accordiiig to the radiation ex- 
posure. The elements used are usually lead 
sulfide, lead selenide, lead telluride, and ger- 
manium. 

Photovoltaic cells are used chiefly in photo- 
graphic light meters. They are usually not 
sensitive enough for communication purposes. 

Photoemissive cells produce an electrical 
charge when exposed to li^ waves. They are 
relatively insensitive but provide hig^ fidelity 
and low signal-noise levels. One of the limiting 
factor in photocells is the sig^-to-noise 
ratio. 

Other Radiation Detectors 

LUMINESCENT DETECTORS^-Lumines- 
cent effecto are those that appear as a visible 
glow on films or screens that have been ex- 
posed to radiation. The term fluorescence 
means that the process of emission of electro- 
magnetic radiation is the result of absorption 
of energy by the fluorescent systenu Fluores- 
cent materials glow only as long as the radia- 
tion continues, while phosphorescent materials 
contimie to glow for some time afterward. 
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Figure 9.8^A G<day detector. 
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CHEMICAL DETECTORS.— Photographic 
emulsion plates chemically coated with sub- 
stances that are sensitive to the shorter wave- 
lengths are being developed by the Navy. 

TARGET CHARACTERISTICS 

In passive homing, the target itself must 
provide all the necessary Information for mis- 
sile guidance. For this reason the characteris- 
tics of an individual target will determine vrtiich 
types of homing system can be used against it, 
and imder what conditions they can be used. 

If the target is fixed in location, and has 
some characteristic by which the missile can 
readily distinguish it from the surrounding area, 
the homing guidance problem is simplified. Fig- 
ure 0-9 represents an air-to- surface cr GUzfiice- 
to-surface missUe, using a light-sensing gai^^ 
ance system to home on an industrial building. 
While such a missile might be useful in a sur- 
prise attack, industrial plants would certainly 
be blacked out during a war. A light-homing 
missile would then have no way to distinguish 
the target from its background. But Infrared 
passive homing could be usedinthisapplication. 
And it would pr6bably be more effective than 
light-homing, since the heat generated by an 
industrial plant can not be readily controlledi.^ 
Figure 6-3 represents a passive infrared 
homing missile attaching an aircraft. The 
Navy's Sidewinder uses this type of guidance. 
The tailpipe of a Jet aircraft is a strong source 
of infrared radiation, which cannot be concealed. 
In a taU-chase attack, the Sidewinder is highly 
effective. Against an approaching Jet aircraft, 
missiles dependent tqpon this type of guidance 
would be quite useless. Improvements in the 
Sidewinder missile guidance system have been 



directed toward remedying this shortcoming of 
the early moi;S of the ndssile. 

A sound-homing system might also be used 
against a Jet aircraft target, even though both 
target and missile are traveling fitster than 
sound. Such a system might be used in a tail 
chase, provided the target does not maneuver 
radically. But you have probably observed that 
when a Jet passes over at moderate altitutde, 
the sound appears to come from a point at some 
distance behind the aircraft. A sound-homing 
missile would steer itself toward the source of 
sound, rather than toward the target itself. For 
an approaching or crossing target, the required 
trajectory would be too sharply curved for the 
missile to follow. 

MISSILE COMPONENTS 

When passive homing guidance is used, the 
missile must contain ALL of the equipment 
needed to pick up, process, and use the infor- 
mation given off by the target. The kind and 
amount of equipment required is determined to 
a large extent by the guidance system used, and 
by the characteristics of the target. Consider- 
aticm nmst also be given to; the maximum 
range, information required, accuracy, operat- 
ing conditions, type of target, and speed of the 
target. The components of the guidance system 
in the missile can be sectionalized for separate 
discussion. We will explain the purpose of each 
section. Figure 9-10 shows a block diagram of 
a passive homing guidance system. 

Antenna or Other Sensor 

Since information given off by the target is 
to be used for guidance, some means must be 
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Figure 9-9.— Missile using light-homing guidance. 
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Figure 9*10.-.Pa8Sive homing guidance system, block diagram. 
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provided to pick up the information. For elec- 
tromagnetic systems, a> conventional radio or 
radar antenna (streamlined into the missile) 
would be used. 

A heat-sensing detector, rather than an an- 
tenna, is used with infrared homing guidance 
systems. 

Antenna or Sensor Drive 

Previous chapters have described antenna 
scanning methods. The reflectors mentioned 
for heat or light homing sensors act in the same 
way as a radar reflector. Therefore, greater 
control accuracy can be obtained by scanning a 
target with the reflector and sensor units. 



Should the sensor temporarily lose sight of 
the target, a spiral or sawtooth/scan, as shown 
in figure 9-11, could be used to find the target 
again. Notice that both types of scan cover a 
large area. 

In spiral scanning the amoimt of tilt given the 
dish is varied as the dish is nutated, resulting 
in a spiral pattern. Sawtooth or vertical scan- 
ning is used to determine position angle and al- 
titude of the target. (Position angle isthe angle 
between the horizontal and the line of sight to 
the target.) 

The scanning action is controlled by the an- 
tenna or sensor drive unit, which is shown in 
the block diagram of figure 9-12. 




PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



INFRARED 
TARGET 




33.166 

Figure 9-12.— Infrared target detection: A. Infrared detector ^ich uses four bolometer arms; 

B. Guidance system using a bolometer. 



After the antenna or sensor has picked up 
the information, other equipment in the missile 
must convert the Information into error signals, 
if the missile is off course. Before this can be 
done, however, there must be something to 
compare with the sensor signal. 

Reference Unit 

The comparison voltage Is taken from the 
reference unit. This voltage may be dbtalned 
from an outside source, or it may be taken 
from recorded information that was put into the 
missile before launching. Actual operation of 
the missile guidance controls takes place only 
when an error signal is present. Note ttiat the 
ref <3rence unit is connected to both tUorpitch and 
yaw comparators in thei block diagram of figure 
0-10. Various types of reference units and 
reference devices were discussed In chapters 
6 and 6.- ■ 



Signal Converter 

The output of the sensor unit is an extremely 
small voltage. This voltage is fed to a signal 
converter, which builds up the strength of the 
signal and interprets the information contained 
in it. The output of the signal converter is fed 
to the pitch and yaw conqparators along with the 
signal from the reference unit. 

Comparators 

The comparators are electronic calculators 
that rapidly compare reference and signal volt- 
ages and determine the difference (error), if 
any, between the two signals. It is possible for 
an error signal to be developed In the pitch 
comparator while no error sigaal is developed 
in the yaw comparator. Should this happen, the 
missUe would be higher or lower than the desired 
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trajectory. The output voltage from the pitch 
comparator is then fed to the missile automatic 
pilot. 

Autopilot 

The automatic pilot, or autopilot, operates 
missile flight controls in much the same way 
as a human pilot operates airplane controls. 
The components making up the autopilot assem- 
bly have been described elsewhere in this text. 
In order to shift the flight controls, the autopilot 
must get "orders'* from some circuit. The 
orders are in the form of error signal voltages 
from the comparators. The error signal volt- 
ages operate motors or hydraulic valves which, 
in turn, operate the flight control surfaces. ^ 

INFRARED TARGET DETECTION 

Regardless of what materials are used in 
infrared detectors, the sensing elements are 
usually placed at the focal point of a parabolic 
mirror, or are used in conjunction with lenses 
which provide maximum concentration of the 
infrared signals at the sensitive surface. The 
sensor unit is commonly referred toas a homing 
head. 

One method of obtainingdirectional informa- 
tion is by the use of a rotating mirror whose 
optical axis is offset from its axis of rotation 
so that the focal point describes a small circle. 
In this arrangement, the detector often consists 
of four bolometer elements arranged in a cruci- 
form pattern. It is placed so that the focused 
radiation sweeps across each of the elements in 
succession, as shown in figure 9-12A. 

In addition to the mirror and detector, two 
commutators are included in the homing head, 
each of which contains a pair of conducting seg- 
ments separated by insulating spaces. One 
commutator connects one pair of bolometer 
flakes to the left-right control circuits, while 
the other connects the remaining pair ta the up- 
down circuits (fig. 9-12B). Each commutator 
has a rotating arm ^ich is driven by the mirror 
shaft. When the target is dead ahead, the ro- 
tating target image formed by the mirror de- 
scribes a circle centered with respect to the 
bolometer arms. As a result, the ^lometer 
arms divide the circle into four 90* sectors. 
In this condition, each time the image intersects 
one of the bolometer arms, the signals developed 
cannot pass to the control circuits, because at 
this instant the commutator arms are on one of 



the insulating segments, and no error signal 
results. With an off-center target, the circle 
of the rotating target image is now offset from 
the center of the bolometer. In this condition, 
the bolometer arms divide the circle into un- 
equal sectors and, as a result, the image inter- 
sects the flakes when the commutator arms are 
on the conducting segments, and the proper er- 
ror signals are developed. 

As the mirror scans the target area (fig. 9- 
^12B), the thermal image of the target is re- 
flected onto the flakes, causing their resistance 
to change. When the resistance of each changes, 
the voltage at the Junction of each pair will rise 
or fall, depending on uiiich flake is affected, 
thus transforming the infrared signals into 
electrical voltage pulses. These pulses are 
transmitted to the amplifier section as either 
vertical or horizontal information. The com- 
mutator converts the two channel signals into 
four channels of intelligence corresponding to 
UP, DOWN, LEFT, or RIGHT, in the ERROR- 
DETECTOR section. The terms horizontal and 
vertical as used here refer to the signals de- 
veloped by the vertically and horizontally posi- 
tioned bolometer flakes, and do ^ot necessarily 
imply that isuch signals will cause correspond- 
ing turning of the homing head. The exact 
designation of the intelligence is not available 
until the signals reach the SENSING CIRCUITS 
in the error detector. 

The function of the amplifier section is to 
amplify and rectify the pulse signals delivered 
by the bolometer so that only positive pulses of 
high amplitude are available at the outputs for 
the error detector. There are two complete 
channels in the signal amplifier and error- 
detector sections; one channel processes the 
signals from the horizontal bolometer flakes; 
the other uses the signals from the vertical pair. 
(The two channels are identical.) 

The gyroscope is used for stabilizing the 
homing head and for measuring the angular 
rates about the line of sight (LOS). 

RADIO FREQUENCY PASSIVE 
HOMING GUIDANCE 

4 

A passive homing device using radio fre- 
quency inteUigence is the direction finder. The 
intelligence may be derived from phase com- 
parison techniques (such as an interferometer) 
if the energy transmitted by thetargetisof such 
form as to make this possible. For example, if 
the target is operating a pulse type radar, phase 
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comparison techniques would be possible. 
Another means of deriving intelligence from the 
energy transmitted by the target is by compari- 
son of the amplitude of the received signal dur- 
ing the scan cycle. Such techniques canbe used 
only if information is available concerning the 
frequency band in ii\diich the target is transmit- 
ting. In addition, it is necessary that the mis- 
sile receiver be capable of being tuned over this 
frequency band.. 



SEMIACTIVE HOMING SYSTEM 
BASIC PRINCIPLES 

In a semiactive homing system, the target 
is illuminated by some means outside the tar- 
get or the missile. Normally, radar is used 
for this type of homing guidance, by sending a 
radar beam to the target. The beam is re- 
flected from the target, and picked up by 
equipment in the missile. The radar trans- 
mitter might be located at a ground site, or 
it might be aboard a ship or aircraft. See 
figure 6-8. Because the energy transmitter 
is not in the missile, but on the larger delivery 
vehicle (ship, aircraft), the size and weight of 
the transmitter can be much larger than in 
passive homing missiles, permitting the use of 
longer-range, higi power transmitters. The 
missile, without a transmitter, has space for 
additional explosive material to increase the 
area of damage, more propellant to increase 
its range, or more guidance equipment to in- 
crease its accuracy. However, these advan- 
tages are gained at a price. Since the missile 
operates solely on energy from the transmitter 
on the ship (or aircraft), the ship cannot break 
off the attack, or attack another target, while 
it has missiles in flight. \Vhile the time of 
flight is very short, it could be a decisive 
moment during which the transmitter is not 
free. 

A modified version of the semiactive tech- 
nique has the transmitter located in the mis- 
sile and the receiver of the reflected energy 
at some remote point. Computation of the 
' desired flight path takes place at the remote 
point and suitable conunands are sent to the 
missile. This system is Imown »s a quasi- 
active homing guidance system. 

Semiactive homing is used for all or part 
of the trajectory of several of our best-known 
missiles, including Terrier, Talos, and Tartar. 



LAUNCHING STATION COMPONENTS 

In a semiactive homing guidance system, the 
laimcbing station components are similar to 
those required for a beam- rider guidance sys- 
tem (chapter 8). The target is tracked by radar. 
The tracking radar itself may be used as the 
source of target illumination for missile guid- 
ance, or a separate radar may be used for this 
purpose. 

The transmitter may be a surface installation 
on the ship or at a shore station, or it may be in 
an aircraft. The transmitted energy may be in 
the form of radio, light, or heat. The missile 
laimcher may be in close proximityto the trans- 
mitter, but not necessarily so. 

MISSILE COMPONENTS 

The missile, throughout its flight, is be- 
tween the target and the radar that illuminates 
the target. It will receive radiation from the 
laimching station, as well as reflections from 
the target. The missile must therefore have 
some means for distinguishing between the two 
signals, so that it can home on the target rather 
than on the launching station. This can be done 
in several ways. For example, a highly direc- 
tional antenna may be mounted in the nose of the 
missile. Or the doppler principle maybe used to 
distinguish between the transmitter signal and 
the target echoes. Since the missile is receding 
from the transmitter, and approaching the tar- 
get, the echo signals wiU be of a higher fre- 
quency. 

The radar receiving antenna in the head of the 
missile is called the seeker or seeker head. It 
receives echoes from the target. The semiactive 
homing antenna system locates the target and 
automatically tracks it. The tracking process 
locates the line of sight between the target and 
the missile. A computer in the guidance system 
uses this tracking information to produce steer- 
ing signals. The missile, however, does not fly 
along a line of sight, but follows a coUision 
course, or rather, a refined collision course. 
The missile receives this refinement before it 
is launched. It receives this navigational in- 
formation through the warmup contactor of the 
launching system. Most of our missiles are 
given a warmup period Just before loading on the 
laimcher and a final warmup while on the 
launcher. Just before firing. 

To intercept high-speed targets like a super- 
sonic aircraft or a missile, the semiactive 
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homing missile must follow a lead (collision) 
course. It the target flies a straight-line 
constant-velocity course, the missile can also 
follow a straight-line collision course if its 
velocity does not change. In actual situations, 
there usually are variations in speed, change in 
path, maneuvers of the target, etc. The missile 
has to adjust its direction to maintain a constant 
bearing with the target. The con^)onents in the 
missile must be able to sense the changes and 
make the necessary adjustments in its course 
to the target. Missile velocity seldom is con- 
stant. Irregular propellant burning changes 
thrust and therefore affects speed. Wind gusts 
and/or air density can change the speed and 
path of the missile. The same Victors can in- 
fluence the target. The missile must use propor- 
tional navigation, described in chapters 2 and 6, 
and at the beginning of this chapter, to achieve 
target intercept. If the missile path is changed 
at the same rate as the target bearing (fig. 
9-13A), the missile will have to turn at an in- 
creasing rate (positions 1 to 6), and will end up 
chasing the target (positions 8 and 7). This 
flight path follows a pursuit curve and the missile 
cannot maintain a constant bearing with the 
target. It is Just keeping up with changes in 
target bearings and may not be able to catch up 
with the target. 



To achieve the desired straight-line course 
during the final and critical portion of the at- 
tack, the missile must turn at a rate greater 
than the line of sight is turning. By over- 
correcting the missile path, a new collision 
heading is reached and the bearing angle will 
remain almost constant, especially near inter- 
cept. This technique results in a proportional 
navigation course (fig. 9-13B). It is sometimes 
called the N factor, or navigation ratio, which 
is the ratio of the rate of turn of the missile to 
the rate of turn of the line of sight (rate of 
change of target bearing). The missile fire 
control conqputer on shipboard computes the 
ratio and transmits it to the missile launching 
system for transfer to the missile's guidance 
and control system. 

For the purposes of this text, we can think 
of the missile guidance components as divided 
into several distinct sections. These are shown 
in block diagram form in figure 9-14. Note that 
these are the components in the missile; launch- 
ing station guidance components are not shown. 
A comparison offlgures 9-10, 9-14, and 9-15 will 
show much similarity of components. As pointed 
out at the beginning of this chapter, all types of 
homing guidance use the same blocks of com- 
ponents. Their location and/or use will differ. 




Figure 9-13.-Proportional navigation: A. Pursuit curve; 
B. Overcorrection to produce proportional navigation. 



83.28 



.m 



19 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



1 r 



ANTENNA 
MUVE 



RCCUVER 



coNvamN 



PITCH 
CUP-DOWN) 
COMRMUTON 



YAW 
(LEFT-fllO^ 
COMPMUTOR 



144.43 
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ANTENNA 



ANTCNNA 

omvE 



RCFCfieNCE 
UNIT 



OUPtCXCR 



TRANSMITTER 



RECEIVER 



SWNAU 

CONVERTER 



PITCH 
CUP-OOWN) 
OOMMRATMI 



YAW 

(L£FT*RMHT) 
OOMPARATOR 



144.44 

Figure 9-15.— Active homing system; 
block diagram. 



In both the active and semiactive homing sys- 
tems, the missile receiving antennas and asso- 
ciated equipment nmst be designed in such a way 
as to produce directional information which will 
enable the missile to be guided to the target. 

To carry out this function, the receiving 
antennas are mounted in a gyro-stabilized hom- 
ing head. The gyros provide the up-down, right- 
left references on which the missile will base its 
maneuvers to approach the target by the propor- 
tional navigation method. 

Antenna 

Radar is generally used for semiactive hom- 
ing guidance. The antenna in the missile must 
therefore be capable of detecting radiation at 
radar frequencies. It is mounted in the nose of 
the missile, since information is being obtained 
from flie target area and the missile is ap- 
proaching the target nose first. When a beam- 
riding system is used for the intermediate phase 
of guidance, a separate beam-rider antenna is 
mounted near the tail of the missile. Some mis- 
siles witti a semiactive homing system also have 
a small antenna at the after end of the missile, 
rearward-looUng, to receive illuminator energy 
directly Uromthe illuminator radar. This rear 
signal is used as a reference to ^fth the firont 
signal is compared to determine the missile- 
target closing rate. This closing ratie (range 
rate) is detected by measuringtiieDoppler effect 
whidi causes a frequency difference betweenthe 
incoming front and rear signals. The Doppler 



shift is proportional to the range rate. The range 
rate, plus antenna turning rates and position, 
are supplied to the autopilot, which steers the 
missile on a proportional navigation course to 
intercept. 

Antenna Drive 

In some systems, the homing guidance an- 
tenna may use a form of conical (or nutating) 
scan in order to take full advantage of the guid- 
ance signal. Conical scanning (fig. 8-6) has 
the advantage that the antenna can receive sig- 
nals from points off the missile axis. This de- 
creases the chance that the missile, while hom- 
ing, may lose its target and go out of control. 
The drive unit keeps the antenna continually 
pointed at the target. 

Receiver 

A radar-type receiver must be used in the 
missile when radar is used for semiactive hom- 
ing. The signals picked up by the antenna as it 
scans the target area are fed into the receiver. 
The receiver operates in a conventional manner 
as described in chapter 7. The signals at the 
output of the receiver are not suitable for use 
in activating the missile flight controls without 
further processing. 

Signal Converter 

The receiver output is fed to the signal con- 
verter, which chai«es the signal to a form that 
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can be used for comparison with signals trom 
another section of the missile electronic equip- 
ment. 

Reference Unit 

The reference unit furnishes the comparison 
signal. This information might be placed In the 
missile Justprior to launching. Itcouldbe stored 
in a variety of forms, such as magnetic wires, 
magnetic tapes, punched paper tapes or punched 
cards. Before a guidance system can function, 
an error signal must be produced. The error 
in flight path, if any, can be determined by 
comparing the reference signal and the signal 
from the converter secti(xi. Comparison of the 
two signals takes place in other sections of the 
missile electronic equipment. 

Comparators 

The missile flight controls may be used to 
correct the lateral or vertical trajectory of the 
missUe. Since it is possible for the missile to 
be on the right course vertically but off course 
lateraUy, two comparators are used. The output 
from the reference unit and the output from the 
signal converter are fed toboth the pitch and yaw 
comparators. 

Should there be no difference in the two sig- 
nals at either comparator, the controls would 
remain in neutral position. However, should 
there be a difference in the two signals at either 
comparator, error signals will be generated. 
The error signals are not suitable for use in 
controlling the missUe flight surfaces and must 
be sent to other sections of the guidance system 
before they can be used. 

Autopilot 

The missile flight control surface operaticxi 
is controlled by autopUots. These devices area 
combination of gyroscopes and electrical units 
which have been described elsewhere in this 
manuaL The autopilot controls operation of the 
hydraulic or ef metric system which, in turn op- 
erates the flight control surfaces. There are two 
autopilots— one for the pitch control surfaces 
and one for the yaw control surfaces. 

COMPARISON WITH PASSIVE HOMING 

The passive guidance system obtains all 
guidance information from the target, without 



assistance from any other outside source. The 
semiactive homing system needs some source 
outside the target or missile in order to obtain 
course information. 

The advantage of the passive system is that 
it needs no source of information other than the 
target. The equipment carried by the missile is 
less than that required for most other systems. 
The disadvantage of the passive guidance system 
is its dependence on the target. It is highly un- 
likely that an enemy would leave target areas 
lighted, or permit electromagnetic broadcasting 
from the target areas. 

In the semiactive system, control informa- 
tion comes from a source outside the missile or 
target area. A semiactive homing system de- 
pends for guidance on equipment outside the 
target area or the missile. This requires extra 
equipment, both in the missile and at the launch- 
ing or control point. Semiactive homing sys- 
tems, like most guidance systems, are subject 
to Januning and other forms of interference. 

However, antijamming devices in modem 
missiles, and switching capability that permit 
switching to another method when the signal is 
Janmied by the target, have greatly reduced the 
effectiveness of Jamming tactics. 



ACTIVE HOMING GUIDANCE 
BASIC PRINCIPLES 

The active guidance system uses equipment 
in the missile to illuminate the target, and to 
guide the missile to the target. (See fig. 6-8). 
Usually, a radar set is used for target illumina- 
tion. The signals return to the missile as radar 
echoes, which are processed for use as guidance 
signals. 

MISSILE COMPONENTS 

The missile components in an active homing 
guidance system include all those used in a semi- 
active homing guidance system, plus a radar 
transmitter and duplexer. The principal com- 
ponents are shown in the block diagram of figure 
9*15. 

Antenna 

The antenna is the same as described for the 
semiactive system^ and is mounted inthe nose of 
the missile. 
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Antenna Drive 

When the target area is conically scanned, 
the antenna driving unit provides the power 
needed for this purpose. 

Transmitter 

The transmitter carried in the missile is 
similar to a caiventional radar transmitter. It 
may use either FM or pulsed modulation. Since 
homing guidance does not require long range 
equipment, the transmitter power can be con- 
siderably less than that used for command guid- 
ance or tracking. The method of modulatingthe 
transmitter can be changed frequently to lessen 
the effectiveness of enemy countermeasures. 



Duplexer 

The duplexer is a form of electronic switch. 
In operation, it serves to connect the antenna to 
the transmitter during the sending of a pulse. 
At the same time, it presents a high impedance 
(electrical opposition) at the receiveiMnput. This 
keeps the powerful transmitter pulse from 
damaging the receiver. 

As soon as the pulse Is transmitted, the du- 
plexer then offers a low Impedance path from 
the antenna to the receiver. The action of the 
duplexer provides an automatic swltdiing means, 
so that the same antenna can be used for both 
transmitting and receiving. 

Reference Unit 

The reference unit In the actlvehomlng guid- 
ance system serves the same purpose as those In 
the passive and semlactlve homing guidance 
systems. 

Signal Converter 

The output of the receiver Is fed to the signal 
converter, so that the reflected signal wlUbe 
suitable for comparison with the output of the 
reference unit. The purpose andoperatlonof the 
signal converter Is the same as for the semi- 
active homing guidance system. 

Comparators 

The comparators serve the same purpose as 
those In the semlactlve system. 



Autopilot 

The missile flight controls are operated by 
the hydraulic system, which Is activated by the 
autopilot in the same way as described for the 
semlactlve system. 

COMPARISON WITH SEMIACTIVE 
HOMING SYSTEM 

The active homing guidance system may be 
used In any application where the target can be 
distinguished from the surrounding area by the 
radiation It reflects. Of course, the more prom- 
inent the target, the greater the accuracy of 
homing guidance. 

An advantage of the active homing guidance 
system Is Its independence from any outside 
source of target Illumination. At the same time, 
this Is adlsadvantagebecauseofthe added equip- 
ment needed In the mlssUe. Also, the system Is 
svib}ect to countermeasures. But this problem Is 
less serious than It might be, because thehomlng 
guidance equipment Is active for only a relatively 
brief part of the missile's flight time. 

INTERFEROMETER HOMING 

Interferometer homing Is homing guidance in 
which target dlrsctloi Is determined by com- 
paring the phase of the echo signal as received 
at two antennas precisely spaced a few- wave- 
lengths apart. The Interferometer Is a device 
for measuring Interference, using the Inter- 
ference as the measuring tool. Acoustic Inter- 
ferometers measure velocity and attenuation of 
sound waves In a gas or liquid. The Mlchelson 
stellar Interferometer solves the problem of 
measuring the diameter of stars too small or 
distant for telescopic measurement. Various 
other interferometers are used for other ex- 
acting measurements. - 

Missile pitch and yaw rates are compared 
with the Interferometer signal and thedlfference 
is used as the ateerlng signal. Both active and 
semlactlve homing systems make use of the 
Interferometer principle. 



INTERFEROMETER PRINCIPLE 

To determine the target's position with 
respect^ to the mIssUe, the receiving antenna 
system In the mIssUe relies on the interferom- 
eter principle. To understandhow this principle 
is applied, first refer to figure 9-16. In this 
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Figure 9-16.— Interferometer principle. 



figure, a pair of stationary receiving antennas 
(A and B) are receiving Information from a 
transmitter located equidistant from them (at 
point 1). (The transmitter can be considered to 
be relajrlng reOected radar energy from a tar- 
get.) Since the antennas are equidistant from 
the transmitter, the signals from the transmitter 
will arrive at the two antennas in phase. The 
signals will therefore add across the load to 
produce a resultant signal of maximum ampli- 
tude. If the transmitter were now moved to point 
2, the differences in distance from the trans- 
mitter to the antennas would cause the signals to 
arrive at the antennas in a different phase re- 
lationship, therdby resulting in a different ampli- 
tude of the conibined signal. If we continue to 
move the transmitter to the right, the amplitude 
of the conibined signals will vary sinusoidally. 
We can therefore say that the direction of the 
transmitter from the antenna system can be de- 
termined by the amplitude variation of the com- 
bined slgmd. 

The RATE of transmitter movement wUl 
cause the combined signal to vajy at a specific 
rate. For example, if the transmitter xnoved to 
the right at 4^ per second, the conibined signal 
mij^it vary at 2 cycles per second. As the trans- 
mitter moved to the right at 8* per second, the: 



conibined signal would vary at 4 cycles per sec- 
ond, etc. Thus, by using the interferometer, 
we can determine both the direction andthe rate 
of movement of the transmitter. 

Unfortunately, if the transmitter were moved 
to the left in the foregoing example, the same 
variations of the combined signal would result. 
To allow the interferometer to determine 
whether a target is moving to right or left, it is 
necessary to add a lAase shifter to one antenna 
(fig. 9-17). The phase shifter provides the effect 
of scanning the antenna B sensitivity lobes at, 
for example, 200 cycles per second. With the 
transmitter on the ccfnter line, the signal from 
antenna A will vary at 200 cycles per second 
with respect to the signal from antenna B. Now, 
if the transmitter moves, the 200-cycle com- 
ponent associated with antenna B will Increase 
or decrease to indicate the direction of target 
motion. If the target moves to the right, for 
example, this component might Increase to 201 
cycles per second. If the target moves to the 
left, the component might decreaseto 199 cycles 
per second. 

With the phase shifter included in the antenna 
system, the missile can now detect changes in 
target motion to the right or left as well as the 




Figure 9-17.^Interferometer with phase 
shifter on antenna B« 
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rate of target motion in either direction. To de- 
tect target motion in the vertical, the same 
gtrinciples are involved in installing a separate 
antenna system and phase shifter in the missile 
nose, one antenna being located above the other. 

You will remember from the early part of 
this chapter that proportional navigation was 
based on a nonrotating LOS. Since the resultant 
signals produced in the antenna system Just 



described are producedby LOS rotation, the mis- 
sile accepts these signals and generates control 
surface correction signals which tend to reduce 
the LOS rotation rate to zero. \Vhen this has 
been achieved, the missile will be on a collision 
course with the target. Any changes in target 
course and speed will be inunediately sensedby 
the antenna system in the missile, and further 
corrections will be made as necessary. 
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OTHER GUIDANCE SYSTEMS 



PRESET GUIDANCE 
INTRODUCXroN 

In earlier chapters we described guidance 
systems in ivhich the missile trajectory de- 
pends on information received from one or 
more control points, or from the target itself. 
But, under certain conditions, these systems 
are impractical. This is especially true for 
long-range missiles. In this chapter, we will 
discuss several guidance systems in \i1iich 
the missile is independent of control points 
and target signals. 

Perhaps the simplest of these is the PRE- 
SET GUIDANCE system. In this system, all the 
Information needed to make the missile foUowa 
desired course, and terminate its flight at a 
desired point, is set into the missUe before it 
is latmched. This information includes the de- 
sired heading, altitude, time or length of the 
flight, and programmed turns (if any). 

The preset missUe is PROGRAMMED to 
carry out certain functions along its flight path. 
Examples of the functions vAdch a preset mis- 
sile may carry out are changes of course and 
speed, arming of the warhead, and commencing 
a dive on a target (terminal phase). 

In the preset missile, information relating 
to the target's location must be set into the 
missUe prior to launch. The position of the 
launching site must also be known with accuracy. 
With this lnformati6nknown,thepreset functions 
enable the missile to attain the proper altitude 
and course, measure its own airspeed, and, at 
the correct time, initiate the terminal phase of 
flight. 

Preset guidance may be used D^enttietarp. 
get is beyond the range (rf control points, or 
^en It is necessary to avoid countermeasures 
such as jamndng of radio or radar signals, that 
might be effective if the missile were gukled by 
outside signals. 



It may also be used for one phase, usually 
the initial phase, of the trajectory of a missUe. 

In setting up a Uight plan for preset guid- 
ance, missUe speed is used to determine the 
required time of flight. Assume, for example, 
that a missUe is to be fired at a target 500 
mUes north of the launching site. The direc- 
tion and distance of the target from the launch 
site have been accurately determined. Assume 
that the speed of the missile can be controUed, 
or at least can be predicted with enough accu- 
racy to program the Uight. 

If we assume an average missUe speed of 
2000 mUes per hour, the missUe would require 
15 minutes to travel from the launch site to the 
target. The buUt-in control system would take 
the missUe to cruising altitude, keep it headed 
north for 15 minutes, and then move its Uight 
surfaces to make it dive straight down on the 
target. 

Preset guidance has several limitations. 
Such things as headwinds and crosswinds wiU 
obviously affect the speed and course of the 
missUe. To condensate for the effects of 
wind, the missUe needs some means for meas- 
uring its ground speed, and for changing its air 
speed as required. But, vrtien solid fUels are 
used, changing the air speed of the missUe is 
difficult. 

Crosswinds may exist at one altitude but 
not at another. Thus, the altitude at v^iich a 
missUe operates may have a pronounced effect 
on its course. If the effect of wind on missUe 
heading cannot be controUed by choice of alti- 
tude, then it must be controUed by programmed 
steering of the missUe. One of the greatest 
limitations of a preset guidance system is that 
the night program cannot be changed aft^r the 
missUe is launched. Therefore, precise infor- 
mation on winds along the missUe Uight path 
^ts needed for accurate programming. 
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The most publicized preset guided missile, 
the German achieved devastating success 
in spite of its limitations (until the British 
founa a Dvay to intercept it). 

INFORMATION SET IN THE MISSILE 

The initial course, or heading, of a missile 
may be preset by training the launcher to the 
proper bearing. This operation is of course 
similar to training a gun mount. Some missiles 
may be fired vertically, and thentiike the proper 
course on the basis of programmed information. 
Once the missile is started or. the correct head- 
ing (initial phase), its own ccxitrol equipment 
takes over. 

Physical references such as gyros and 
magnetic compasses may be used to determine 
deviations from the preset course and to keep 
the missile on the correct heading. 

The missile altitude may be corrected by 
changing the pitch of the missile. A barometer- 
type sensing element is connected to a servo 
mechanism that operates the flight control 
surfaces. When thebarometric pressure changes 
because of a change in altitude, the servo acts 
to bring the pr essure back to the preset value by 
correcting the missile's altitude. Although this 
method of altitude control is not extremely ac- 
curate, the control pressure can be preset to 
fiiirly close tolerances before the missile is 
launched. 

One of the most precise compcxients of a 
preset guidance system is its timing section. 
Accurate timing elements are available to fit 
almost any requirement. The distance covered 
by a missile during its flight is determined by 
its ground speed and the length of time it is in 
the air. Therefore, if the speed of the missile 
is known, the controls may be preset to dive 
the missile at the end of a definite time inter- 
val after launching. The timing element can be 
anything from a simple watch movement to 
an electronic circuit controlled by a tuning 
fork or a crystal oscillator. The time interval 
may be set at any time before launching, but 
of course it cannot be changed during flight. 

It is important that you realize at this point 
that the actions carried out by a missile in 
flight may be preset to occur either after a 
certain amount of TIME has elapsed,' or ;^en a 
certain CONDITION has been acbleved. 

For example, a nilssile may be programmed 
to assume level flight 30 seconds after launch- 
or it may be progranuned to assume level flight 



only after a specific altitude has been reached, 
this altitude being determined by an altimeter. 
As another example^ missile booster separation 
may be scheduled to occur 6 seconds after 
liaunch— or it may be programmed to occur at 
the point that a certain thrust accele.ration has 
been achieved. Cout ^e and speed dianges as 
well as other functions can be carried out with 
relation to the elapse of specified time inter- 
vals or on the occurrence of other preset con- 
ditions. 

Depending on the objectives of a missile 
using preset guidance, various timers, speed 
measuring devices, etc., have been devised to 
enable the missile to carry out the preset func- 
tions. Many of these devices may also be found 
in missiles which are not of the purely preset 
type. For example, a homing guidance missile, 
although not classified as a preset missile, may 
be equipped with one or more of the devices. 

Various types of timers used in missiles 
were described, and illustrated in chapter 5. 
The timing system in a missile activates a 
series of actions from prelaunch to target in- 
terception. 

It is reemphasized that the preset missile is 
distinguished from other types of missiles in 
that there is no electromagnetic radiation con- 
tact between the control point and the missile 
and that ALL missile functions are progranuned. 

HEADING REFERENCE 

The use of the term "reference'' with regard 
to missiles was explained in chapter 5. The 
missile control systems must have a reference 
from which to measure the up-down or right- 
left deviation of the missile. Since the desired 
heading is a compass direction, the sensing 
unit may be a form of pompass. 

The flux valve and its uses in control 
systems were described in chapter 6. If mag- 
netic headings are to be followed, the flux 
valve may be used as the sensing element. 
By using a time reference in combination with a 
magnetic reference, the missile ccxitrols may 
be preset to follow a single heading for the re- 
quired time. Or changes in heading can be 
progranuned to occur at preset times. 

The electrically driven gyro is another type 
of heading control. The gyro's spin axis is 
tangent to the earth's surface. At the time of 
launchtag, with the gyro wheel spinning rap- 
idly, the axis is pointed in the desired direc- 
tion before the gyro is uncaged. During the 
missile flight the gyro axis continues to point 



226 

. ^0 



f 

i 



*. 



Chapter 10-OTHER GUIDANCE SYSTEMS 



in the original direction, and the missUe can 
therefore use It as a steering reference. 

The function of gyros In missiles was 
described and Illustrated In chapter 5. 

ALTIMETERS 

In previous chapters we have shown that an 
altimeter can be used to control missile alti- 
tude within small limits. Altitude control Is an 
Important part of preset guidance/ since It Is 
possible to get favorable wind direction or avoid 
unfavorable winds by choosing the proper 
altitude. ^ ^ 

With supersonic missiles It Is Important 
to get the missile above the earth's atmosphere 
Into the higher regions ^ere the air Is thinner 
and the pressure Is much less, so that the mis- 
sile can fly faster and farther. The trajectory 
of the missile Is dependent to a great extent on 
the altitude at which It files, and the altitude 
set for It Is determined In part by the distance 
to the target. 

The reference for preset altitude control Is 
normally a potentiometer In one arm of a 
bridge circuit. A potentiometer In an adjacent 
arm of the bridge Is operated by a pressure- 
sensitive bellows system. The bridge can be 
preset for balance at the desired altitude. When 
the mlssUe reaches the preset altitude. Its 
flight control «urfkces will bring it into level 
flight. Any subsequent change in pressure will 
unbalance the bridge, and the amount and di- 
rection of unbalance will determine the cor- 
rection to be applied. This system will be 
described in more detail later in this chapter. 

The two basic types of altimeters, baro- 
metric pressure altimeters and absolute or 
radar altimeters, were discussed in chapter 5. 
An altitude transducer is an altimeter with an 
electric output. Because of its simplicity and 
accuracy, the altitude transducer is used as 
the primary altitude control or reference in 
even the latest guidance systems. 

LENGTH OF FUGHT 

In low-speed missiles an AIR LOG, as well 
as a timing device, can be used to measure the 
distance covered during missile fli^t. The 
air log operates on the principle of an air screw, 
or impeller, which makes a specific number of 
revolutions :«Aille moving through j^e air for a 
given distance at a given speed. The number of 
revolutions per unit of distance depends on both 
the pitch of the blades and the density of the 
air. 



Generally, an air log Is attached to the 
outer surface of the nose of the missile, and 
consists of a small four-bladed Impeller 
mounted on a shaft that drives a reduction 
gear with a ratio of 30 to 1; that is, for every 
30 revolutions of the air screw, the driven 
gear makes 1 revolution. 

The driven gear is made of insulating ma- 
terial, and carries a pair of contacts mounted 
at diametrically opposite points. These con- 
tacts close a magnetic relay circuit twice In 
each revolution of the gear, or once for each 
IS revolutions of the air screw. 

The magnetic relay Is connected to a device 
called a digital Indicator (originally called a 
Veeder counter). The counter mechanism Is 
similar to that of the total mileage indicator 
(odometer) of an automobile. The counter Is 
shown In cross-section In figure 10-1. 

To use the air log for length-of-flight regu- 
lation, the calibrated drums are turned to a 
setting that represents the desired distance of 
travel for the missile. Each time the contacts 
of the magnetic circuit dose, they trip the 
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Figure 10-1. -Mechanical digital indicator, 
cross section. 
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counter mechanism, thus Indicating that a certain 
specific distance has been traveled. Each time 
the mechanism is tripped, it moves the drums 
back one digit from the preset figure. When the 
count reaches zero, the predetermined des- 
tination has been reached. This may be either the 
point yOxere the warhead is to be detonated, or 
the point at which the missile is to start its 
terminal dive on the target. 

Note that this method of measuring speed is 
used for LOW SPEED missiles. 

Figure 5-20 is a diagram of an airspeed 
rtference and transducer imtt, which may be 
used to measure airspeed and to control it. See 
chapter 5 for a discussion of its operation. 
Transducers were also touched upon in chapter 
3, in connection with telemetering equipment. 

The use of doppler radar to determine the 
missile-target closing rate (range rate) was 
described briefly in chapter 9 for the homing 
system. Doppler principles were explained in 
chapter 6. The doppler signal varies directly 
with the range rate. The application of the 
mechanical, electrical, and electronic com- 
ponents to measure the doppler frequency, 
filter out noises, amplify the difference fre- 
quency, and supply the Information to the com- 
puter vary with the missile system. An electronic 
circuit called a speedgate locates the doppler 
signal, acts as a bandpass filter, and closely 
follows any frequency shift hi the signal. The 
range rate information gained from the doppler 
signal is fed to the autopilot to keep the missile 
on course. (A ' 'gags'' in electrical and electronic 
terms is a circuit that permits another circuit 
to receive input signals only at set Intervals, 
or only when a certain set (A input conditions 
have been met. The appropriate combination 
of "gating pulses'' opens the gate.) 



USE IN COMPOSITE SYSTEMS 

A c(»nposite guidance system is made up 
of two or more individual guidance systems. 
These systems may work together during all 
phases of the missUe's flight, or they may be 
programmed to operate successively. It is 
sometimes necessary to combine systems be- 
cause of the wide dUEferences in requirements 
that must be met to ensure that the missile 
reaches the target. Let us review these re- 
quirementSi to see how preset guidance may 
be used In a cosoposite system. 



During the launching period, high acceler- 
ation puts a great strain on normal guidance 
components and prevents their use. The ac- 
celeraticxi forces may close relays, precess 
gyros, and saturate accelerometers fcur beyond 
the sensitivity needed for normal guidance. 
For this reason, most midcourse guidance 
systems must be modified extensively to with- 
stand the launch acceleraticxi. The modification 
may Involve the use of comparatively Insensitive 
components, or a temporary alteration of the 
regular components. 

The precautions against high acceleration 
damage to components Include careful balanc- 
ing and positioning of elements that are not used 
during the launch cycle. In addition, movable 
parts of regular guidance systems are locked 
in position, or the circuits in which they operate 
are neutralized to withstand the launch accelera- 
tion. 

Missiles are designed to have sufficient 
flight stability during the Initial period of hig^ 
acceleration, before the regular guidance sys- 
tem takes over. The regular guidance system 
may be unlocked by an Internal timer, or it 
may be activated when the booster section, if 
any, drops off. 

A preset guidance system mig^t be used 
for the midcourse part of a flight. When used 
in a composite system, the preset system 
would turn the missile control over to a sepa- 
rate terminal guidance system when the mis- 
sile approaches the target. In an application 
of this type, the preset guidance system might 
be set up to take over control again In the event 
the terminal guidance system did not operate. 
Then, when the missile reached the approxi- 
mate location of its target, the preset guid- 
ance system would either detonate it or cause 
it to dive, depending on the setting. 

We've mentioned World War II misolles that 
used preset guidance or a combination of 
guidance methods. Of later vintage is the 
Corporal, an Army surface-to-surface nuclear 
weapon deployed in Europe (being replaced by the 
Sergeant). It uses a conibination of preset and 
command guidance. (The Corporal missile will 
be used for other purposes, with a different 
type of warhead.) 

Most missiles have some values preset Into 
the guidance system, although the preset values 
may not control the whole flight. The time of 
booster cutoff, for example, is a preset time 
as determined for a given missile, although 
the missile may be a beam rider. Before the 



228. 



Chapter lO^OTHER GUIDANCE SYSTEMS 



missile is launched, a timer in it is set for the 
calculated period. 



BALLISTIC MISSILES 

Our best known ballistic misaile, the Polaris, 
makes use of a number of preset values in its 
course. It therefore seems appropriate to dis- 
cuss ballistic missiles immediately after preset 
guidance systems. 

A ballistic missUe is a missUe which, 
during a major part of its flight, is neither 
guided nor propelled. During this part of the 
flight it foUows a free ballistic trajectory, 
like a bullet or a thrown rock. A number of 
factors operate to determine the trajectory of 
a bullet, a rock, or a baUistic missUe. These 
factors include the point of origin, the initial 
direction and velocity, air pressure, wind, and 
other factors discussed in chapter 2 of this 
text. If all of these factors are accurately 
known, it is possible to calculate the point at 
which the ballistic bbject will strike the earth. 
And, if the desired point of impact is a target 
at a known location it is possible, for any given 
launching point, to calculate an initial course 
and velocity that will result in a hit. 
. The matter of "leading" a moving target in 
order to hit it was explained in a previous 
chapter. If you have had any target practice 
you know that there are several factors to 
calculate ^en aiming at a stationary target 
and additional problems M^en the target is 
moving. Youknowaboufallowlngfor the wind.'' 
The effect of the wind varies, of course, with 
its strength and direction. The force of gravity 
steadUy pulls the proJectUe downward, so you 
have to raise your gun and aim above the 
target to off set the downward pull. The greater 
the angle of gun elevation, the greater the 
range— up to a point. Temporarily ignoring 
air resistance, we find that range increases 
with the angle of launcher or gun elevation, up 
to 45 degreer« After that point, increasiing the 
elevation increases the height reached by the 
projectUe, but decreases the range. Figure 
10-2 shows some theoretical trajectories. 
Figure 10-3 compares trajectories in air and in 
vacuum. Since many of our missiles have part 
of their trajectory through higher aireas of the 
atmosphere ^ere the pressure is very low 
(not a complete vacuum), the effect on the tra- 
jectory must be calculated. Refer to figure 
2-24 (trajectory of the Polaris missUe).. Note 
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Figure 10- 2.- Theoretical trajectories at 
various gun elevations (ignoring air resistance). 
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Figure 10-3.— Comparison of vacuum and air 
trajectories: A. In range; B. In elevation. 

that the missile is launched vertically. Since 
the Polaris passes through more than one 
atpmospheric region, the effect of the different 
conditions upon the trajectory must be cal- 
culated. The proportionate differences between 
air and vacuum trajectories represented in 
figure 10-3 are not accurate for all proJectUes 
or missiles because the effect varies with 
characteristics of the object It does show 
how drastically air resistance affects trajectory. 
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A fourth factor that atfects trajectory Is drift, 
vAiich is a product of the interaction of three 
other fkctors— the spin of the projectile, the 
force of gravity, and air resistance. These cause 
the projectile , to veer toward the right or left, 
and is determined by the direction of spin. 

The fifth factor that distorts the trajectory 
is the earth's rotation and curvature (really 
two separate factors). For most gun projectiles 
it makes little difference; but for long-range 
missiles, both effects must be entered into the 
computations for missile trajectory. The de- 
flection in the flight path is known as the Coriolis 
effect. It affects the time of flight, the lateral 
deviation, and the range deviation. In the 
northern hemisphere the deflection is to the 
right; in the southern hemisphere it is to the 
left. 

The mass of calculations necessary for each 
shot is performed by computers. Many of the 
calculations are performed in advance and 
tables set up to be applied as needed. In 
modem missile systems the applicaticxi of the 
calculations is also done by computers. Remem- 
ber, however, that the computer does not think; 
it can work only with what is put into it. 

The ballistic missile presents a more com- 
plex problem than a gun projectile. Its range 
may be measured in thousands of miles, rather 
than thousands of yards, and its initial velocity 
is lower than that of a gun projectile. Thus the 
forces that would tend to Influence its trajectory 
have a much longer time to act. But, at long 
ranges, balli&tic missiles have several out- 
standing advantages. First, they may leave the 
earth's atmosphere completely; a large part 
of their flight is in space, ^ere they cannot 
be affected by wind or air pressure. Second, 
they dive on the target at a steep angle, at 
many times the speed of sound; this makes 
interception nearly impossible. Finally, a bal- 
listic missile is invulnerable to electronic 
coimtermeasures during the major portion of 
its flight. Any guided missile is subject to 
jamming or deception by electronic counter- 
measures, although oodiBd guidance systems 
may make this difficult to do. But a ballistic 
missile, because it is unguided during the 
terminal phase of its fli^^t, is no more sus- 
ceptible to electronic countermeasures than 
is a gun projectile or a rock. 

The ICBMs are, as the name tells you, 
ballistic missiles. These indude Attas, Minute- 
man, Thor^ and Polaris. 



The foregoing discussion of preset guidance 
applies principally to aerodynamic missiles, 
in which the control surfaces are capable of 
correcting the trajectory throughout the fll^^it. 
But preset guidance has features that make it 
useful in the initial control of baUistic mis- 
siles. One possible ballistic system combines 
features of both preset and command guidance. 
Another combination is preset with Inertlal 
guidance for the guided portions of the tra- 
jectory. The problem has already been stated: 
from known factors, It Is possible to calculate 
an Initial velocity and direction that will produce 
a ballistic trajectory ending at the target. The 
target location Is known; because of the great 
range, target location is determined from 
maps, rather than by observation. The loca- 
tion of the launching point is also known. In 
the development of the Polaris missile system, 
a major part of the total effort was devoted to 
development of a Ship's Inertlal Navigation 
System (SINS), by which the Polaris launching 
ship can determine its own position with the 
required accuracy. Note (fig. 2-24) that only 
the last stage of the Polaris trajectory is 
ballistic. 

But other fiictors, such as air pressure and 
wind at various altitudes, cannot be determined 
with comparable acctiracy. And, because of 
the ejctreme range, a small error in the Initial 
direction or velocity will result in a large 
error at the target. The ballistic missile sys- 
tem deals with this problem by controlling the 
missile's direction and velocity not at the in- 
stand of launching, but at a later time— afterthe 
missile has risen above most of the atmos- 
phere, but while it is stlU within range of radio. 

Ballistic missiles are launched vertically, 
and climb straight up in order to get out of the 
atmosphere as quickly as possible. At a preset 
altitude, the guidance system turns the missile 
onto the required heading, with the required 
angle of climb. The missile is tracked, con- 
tinuously from the launching point, so that its 
position is known as long as it is within radar 
range. Its instantaneous velocity can be deter- 
mined either by establishing a range rate, or 
more accurately, by doppler ranging. In the 
doppler ranging system, a radio or radar signal 
is transmitted from the launching point. This 
slgiud is received and re-transmitted by the 
missile. By comparing the frequency of the 
original signal with that of the signal returned 
by the missile, it is possible to determine the 
missile speed with great accuracy. 
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There are a number of conibinations of mis- 
sile course, position, and speed that would 
result In a ballistic trajectory ending at the 
target. But because the missile Is instantly 
changing position at high velocity, no human 
computation can keep up with the prdblem. The 
known factors (position of flie target and launch- 
ing site, and preset heading of the missile) and 
the measured factors (velocity of the missile, 
and Its position relative to the launching site) 
are fed Into an electronic computer, which pro- 
duces a continuous solution for the Instantan- 
eous values of the problem. When the com- 
puter determines that the missile's course, 
position, and velocity will result In the proper 
ballistic trajectory, the mlssUe propulsion 
system Is Instantly and automatically shut 
down. The last stage of the missile then fol- 
lows a ballistic trajectory, without ftirther 
propulsion or guidance. 

This system can be used effectively with 
missiles propelled by liquid fuel rockets, 
since the propulsion system can be shut down 
simply by stopping the. fuel supply. If, like 
Polaris, the mIssUe Is propelled by a solid 
fuel rocket, the system cannot be used with- 
out modification. Successful tests of propel- 
lant cutoff amd restarting have been reported 
for solid propellant rockets. Application of this 
method can make major changes In present 
management of propellant systems during mis- 
sile flight. A description of the guidance 
methods used In the present mods of Polaris 
may be found In Navy MlssUe Systems. 
NavPers 10785-A. ^ 



NAVIGATIONAL GUIDANCE SYSTEMS 

In addition to the preset guidance systems 
discussed above, other guidance systems ^Ich 
do not depend on electromagnetic contact with 
manmade sources are terrestrial, celestial, 
and Inertial guidance methods. They were 
introduced in chapter 6 with brief descriptions 
of their principles. 

INERTIAL GUIDANCE 

Inertial guidance is defined as a gitldajnce 
system designed to project a missile over a 
predetermined path, wherein the path of the 
mlssUe is adjusted after launching by devices 
"^hoUy within the mlssUe and Independent of 
outside information. These devices make use 



of Newton's second law of motion. This law, 
which relates acceleration, force, and mass, 
states that the acceleration of a body is di- 
rectly proportional to the force applied, and 
Inversely proportional to the mass of the body. 
These devices, accelerometers, were described 
and Illustrated in chapter 6. 

The three accelerometers (fig. 6-9) are 
usually set up with the sensitive axis of one of 
them vertical and the other two In the hori- 
zontal plane, one along the flight path and the 
other at right angles to It. The output of the 
one along the flight path Is the distance 
traveled In range. If the output of the one at 
right angles to the flight path Is maintained at 
zero, then the mlssUe Is on the desired path 
In azimuth. The vertical accelerometer keeps 
the mlssUe at the desired altitude (some mls- 
sUes use a barometric altimeter). 

With an Inertial guidance system, a mls- 
sUe Is able to navigate, from launching point 
to target, by means of a highly- refined form 
of dead^ reckoning. Dead rectonlng is simply 
a process of estimating your position from in- 
formation on: (a) previously known position; 
(b) course; (c) speed; and (d) time traveled. 
For example, assume that a ship's navigator 
determines his shlp^s position by astronomical 
6bservatlons with a sextant. The ship's posi- 
tion, and the time, are marked on the chart. 
Assume that the ship then travels for three 
hours on course 024, at a rate of 20 knots. 
From the known position on the chart, the nav- 
igator can draw a line 24"^ east of north, rep- 
resenting the ship's course. By measuring off 
on this line a distance representing 60 nautical 
mUes (20 knots times 3 hows), the navigator 
can estimate the ship's new position by dead 
reckoning. If the ship changes course, the 
navigator wUl mark on the chart the point at 
vAilch the change occurred, and draw a line 
from that point rqE>resentiiig the new course. 

A mlssUe with Inertial guidance navigates 
In a simUar way, but with certain differences. 
It determines the distance it has traveled by 
multiplying speed by time. But it can not 
measure its speed directly If It Is traveling at 
supersonic velocity outside the earth's atmos- 
phere. However, It can use an accelerometer 
to measure Its acceleration, and determine its 
speed by multiplying acceleratlcm by time. 

To suncmiarlze: 

velocity = acceleration x time 
distance = velocity x time 
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The acceleration, of course, is not constant. 
It may vary because of uneven burning of the 
propellant. It will tend to increase as the mis- 
sile rises into thinner air. Positive (forward) 
acceleration will become zero at burnout. If 
the missile is still rising at that time, it wiU 
have a negative acceleration because of gravity; 
if it is still in the atmosphere, it will have a 
negative acceleration because of air resistance. 
Acceleration will cause a constanUy changing 
speed, and changing acceleration will change 
the rate at which the speed changes. If the 
missile is to determine accurately the distance 
it has traveled under these conditions, its 
computer circuits must perform a double inte- 
gration. Integration is, in effect, the process 
of adding up all the Instantaneous values of a 
changing quantity. The integrators are computer 
elements. 

Both the accelerometers and the integrating 
circuits are fkirly complex. But we can de- 
scribe a simple, hypothetical system that will 
be correct in basic principles. Assume that the 
accelerometer (fig. 10-4) is a weight that can 
slide back and fortii along the axis of the mis- 
sile. The weight is mounted between two 
springs, which hold it in a neutral position 
when there is no acceleration. If there is a 
positive acceleration (tending to make the 
missile go fkster), the weight will lag aft 
against the spring tension. If the acceleration 
stops, the weight will return to neutral posi- 
tion. If there is a negative acceleration 
(tendii« to slow the missile down), the weight 
will move forward from its neutral position. 

Now assume that the weight is connected to 
a potentiometer, in such a way that the poten- 
tiometer output is zero when the weight is at 
the neutral point. If the weight lags aft, the 
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Figure 10-4.— Elementary accelerometer, 
spring- mounted. 



potentiometer output is a positive voltage; if 
the weight moves forward from the neutral 
point, the potentiometer output is a negative 
voltage. For an integrator, we can use a 
simple capacitor. During positive accelera- 
tion, the capacitor will gradually take on a 
positive charge from the potentiometer. If the 
acceleration then becomes zero, the charge 
on the capacitor will stop increasing, and will 
remain constant (indicating a constant speed). 
If the acceleration becomes negative, the charge 
on the capacitor will begin to drain off (indica- 
ting a decreasing speed). Thus the charge 
on the capacitor is the output of the first 
integrator. 

If the first integrator output voltage is ap- 
plied to the grid of a vacuum tube, it can be 
used to determine the rate at vAiich current 
flows through the tube and into a second ca- 
pacitor. The rate of current flow at any instant 
is proportional to the first integrator output, 
and therefore to missile velocity at that instant. 
Thus the charge on the second capacitor is the 
output of the second integrator, and represents 
the total distance traveled up to any given in- 
stant. 

Figure 10-5 is a block diagram of a simple 
inertial guidance system. This system has two 
channelanOaQ^or lateral and one for longitu- 
dinal acceleration. It uses both the direction 
channel and distance channel to determine 
missile position. Each channel contains an 
accelerometer and a circuit for double integra- 
tion. The accelerometers detect missile ve- 
locity changes without the use of any reference 
outside the missile. The acceleration signals 
are fed to a computer which continuously pro- 
duces an indication of both lateral and forward 
distance traveled by the missile. This is ac- 
complished, in each channel, by integrating the 
missile acceleration signal to obtain a missile 
velocity signal. When this velocity signal is 
integrated, the result indicates the total dis- 
tance that the missile has traveled. This 
method of double integration is built into each 
channel. 

The actual electronic circuits used for in- 
tegration are rather complex, but here again 
the basic principle is simple. In one type of 
integrator the input consists of a series of 
evenly spaced electrical pulses representing 
increments of time. The amplitude of each 
pulse is controlled by the accelerometer, so 
as to represent the instantaneous value of ac- 
celeration. Thus the quantity of electricity in 
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Figure 10.5.-Simple inertial guidance system. 
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each pulse represents an Increment of speed. 
The pulses are passed through a rectifier (so 
that no current can flow In the opposite direc- 
tion) and stored in a capacitor. The capacitor 
will, in effect, add up all of the input pulses. 
Thus the voltage across the capacitor will, at 
any given instant, provide an indication of 
mlssUe speed at that Instant. 

An acceleration may, of course, be applied 
to the missile in any direction. Thus, if the 
missile Is to determine its own position at 
any given instant, two accderometer channels 
are necessary. For any given acceleration, 
one of these measures the component of force 
along the fore-and-aft missUe axlf; the other 
measures the component across that axis. 

The distance and direction channels are 
Identical in operation. The output voltage of 
the first integrator indicates the mIssUe ve- 
locity. The output voltage of the second In- 
tegrator Is proportional to the distance the 
missile has traveled. 

Direction Channel 

If the missile is on course, the output of 
the direction channel will be zero at all times. 



If the missile drifts offcourse, the output voltage 
of the second integrator wUl show, by ItsamplU 
tude and polarity, the distance and direction the 
missile Is off course. The output of the first 
integrator in the direction channel Is the direc- 
tion rate signal. Both of the integrator voltages 
are used by the autopUot to determine the amount 
and direction of control required to bring the 
missile back on course. 

The accelerometer measures any force ap- 
plied to the missile. The force of gravity Is 
applied to the missile throughout its flight, and 
some types of accelerometers will be affected 
by It. In order to prevent a folse output, the 
effect of gravity must be neutralized, so that 
only the true acceleration of the missile will 
be measured. This can be done in either of two 
ways. A part of the second integrator output 
can be fed back to the input of the first integra- 
tor, as in figure 10-5. Another system com- 
pensates for the effect of gravity by applying a 
fixed voltage bias to the output of the first 
integrator. 

Distance Channel. 

The operation of thedlstance channel Is much 
like that of the direction channel. The output 
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magnitude of the first integrator indicates mis- 
sile longitudinal velocity. The second integrator 
output voltage is proportional to the distance 
the missile has traveled. If the system does not 
start operating until after the launching phase 
is completed, the missile velocity at that time 
must be accounted for in the distance computa- 
tion. A separate signal, representing Initial 
velocity, must be fed to the input of the second 
integrator. It can then be combined with the 
output of the first integrator to indicate missile 
velocity at any given instant. 

A comparison must be made between the 
distance the missile has traveled and the known 
distance between the launch point and the target. 
To do this, a voltage representing the distance 
to be traveled is set up as an initial condition 
Just before missile launching. This preset 
voltage is conibined, with opposite polarity, 
with the output of the second integrator. Thus 
the output of the distance channel decreases 
as the flight progresses. When the output fklls 
to zero, the target has been reached. 

There is one dra^ack to this system^the 
Ikct that for flights of several thousand miles, 
very large integrator output voltages would be 
required to get an accurate indication of dis- 
tance traveled. The preset voltage that repre- 
sents the target range would be equally largo. 
In order to keep these voltages within reasonable 
limits, the voltage representing distance covered 
is continuously programmed during the flight 
by a suit8d>le device such as a tape recorder. 
The programmed distance is compared to the 
measured distance, as represented by the com- 
puter output, in such a way that both are carried 
as reasonably small quantities. 

Figure 10-6 shows another method of keep- 
ing signal voltages within reasonable limits by 



using a specified velocity signal. The speci- 
fied velocity signal is combined with the first 
integrator output so that any voltage above or 
below the specified voltage is fed to the second 
integrator as an error signal. The output of 
the second integrator is then proportional to 
the missile error from the desired position on 
the course. 

A third channel for measuring missile alti- 
tude is usually included in the system. The 
principles of integrationof the vertical accelero- 
meter output are essentially the same as for 
distance and direction. 

(In deriving missile velocity and distance, 
the integrators are electronically solving two 
basic formulas vdiich relate acceleration, ve- 
locity, distancsi and time.) For example, if a 
missile is traveling at a velocity of 50 yards 
per second and experiences an acceleration of 
8 3rards per second per second for 5 seconds, 
its new velocity can be determined by the 
formula v = v^ + at, where v^ is the initial 
velocity, v is the final velocity, a is accelera- 
tion, and t is time. By substitution: 

v= 50-2^ +1-^^ X 5 secj = 00 yd/sec 



The average velocity of the missile during the 
5- second period of acceleration is equal to 

2 

or 

90 yd/sec^ 50 yd/sec ^ ,q y^/^^ 
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Figure 10-6.— Computer using specified velocity. 
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TQe distance traveled 
period is equal to 

V + V. 



during this 5-second 



xt 



or 



90 yd/sec + SO yd/sec 



X 5 sec:=350 yds). 



An Inertial guidance system, such as the 
one just described, ivould be all that M^sneeded 
if the missile flew straight and level at all 
times. But outside factors, as well as some 
errors introduced by the equipment itself, pre- 
vent straight level flights. Therefore a means 
for stabilization must be provided. 

For an inertlally guided missUe to constanUy 
determine its position while in flight, all linear 
accelerations of the missile must be measured. 
To do this, three accelerometers are moimted 
in the missile as shown in figure 6-9. Any 
movement of the accelerometers with relation to 
the missile will be proportional to the cnitside 
forces acting on the missile, and therefore to 
the accelerometers of the missUe. Since these 
accelerometers are mounted on three mutually 
perpendicular axes, any accelerations of the 
missUe along axis AB wiU be measured by 
movement of the lateral accelerometer. Any 
accelerations along axis CD will be measured 
by the longitudinally mounted accelerometer. 
Any accelerations along axis XY wiU be meas- 
ured by the vertically mounted accelerometer. 

If the missile is to determine its position 
at any point along its flight path, the acceler- 
ometers must be mounted in muhudly perpen- 
dicular axes ^ich continuously maintain their 
same relationships with some fixed reference 
point. 

In some missiles and in shipboard inertial 
systems, the center of the earth is taken as 
the fixed reference point. When the center of 
the earth is used as the reference, all vehicular 
motion is determined on the basis of accelero- 
meter outputs with reference to that point. 
In this type of inertial system it becomes neces- 
sary to stabilise the accelerometer kktt so that 
they always maintain their same relationship*- 
with the earth's center. Since the lines of lati- 
tude and longitude on the earth's surface bear 
a permanent r^tionship to the center of the 



earth, it was decided to relate two of the ac- 
celerometer axes to these north- south and east- 
west lines. The thirdaccelerometer islogically 
oriented to the center of the earth. These rela- 
tionships are shown in figure 10-7. (Shipboard 
systems need only two accelerometers since 
altitude is of no ccxisequence.) To stabilize the 
accelerometers so that they will maintain these 
relationships throughout a long flight over a 
round and moving earth at first posed a difficult 
problem. It was overcome by mounting the ac- 
celerometers on a GYRO-STABILIZED plat- 
form. Since gyros are inherently space ref- 
erences (rigidity of plane), they mustbeadapted 
to maintain the platform in the desired earth 
relationships in this type of system. In other 
words, if three gyroscopes can be maintained 
in east-west, north-south, and the vertical at- 
titudes, the platform (and the accelerometers) 
can be kept in the same earth relationships 
throughout the flight or cruise. With the platform 
stable, all movements of the accelerometers will 
indicate ship (or missile) movement with respect 
to the center of the earth. 

Assuming that we have stabilized the plat- 
form, let us now see how a missile can determine 
its position and control its trajectory. 

For the missile to keep track of its posi- 
tion, it must continuously determine its ac- 
celerations and velocity along the three sta- 
bilized accelerometer axes. Since accelera- 
tion is defined as the rate of change of velocity, 
the process of INTEGRATION will yield mis- 
sUe velocity. Integration is, in effect, the 
process of adding up all of the INSTANTANEOUS 
values of a changing quantity. 




V. 12.150 
Figure 10-7.^Orlentatlon of accelerometers 
with reference to the earth. 
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Attitude Control 

Thus far we have ccxisidered the Inertial 
system from the standpoint of determining and 
correcting missile position in a coordinate 
system which is stabilized in reference to the 
earth. As menticxied earlier, this coordinate 
system is maintained by mounting the three 
accelerometers on three mutually perpendicular 
axes on the gyro- stabilized platform* Any 
linear deviations along the missile AXES OF 
TRANSLATION will be detected by accelero- 
meter movement and corrected an the basis 
of the accelerometer outputs. In addition to 
correcting for deviations in positicxi, we must 
also keep the missile at its proper attitude along 
the trajectory. By mounting pickoffs on the 
missile frame, any deviation in roll, pitch, 
or yaw will be detected with reference to the 
stable platform. The resulting attitude signals 
are related to the missile positional information 
generated by the accelerometers. We can 
therefore say that the correction signals gen- 
erated by the computer network of the missile 
are composed of corrections along the axes of 
translation as detected by the accelerometers, 
and corrections about the axes of rotation as 
determined by missile angular movement with 
relation to the stabilized platform. These cor- 
rection signals wUl then be applied to the con- 
troller in such a way as to keep the missile 
on its proper trajectory AND in the proper 
attitude throughout the flight. 

StabUizing the Platform 

Up to this point we have assumed that the 
platform has been stabilized with reference to 
the earth. For a shipboard inertial system, 
the exact position of the ship must be known 
at the time of missile launch. It is therefore 
necessary to keep the Shipboard Inertial Navi- 
gation System (SINS) stabilized with reference 
to the center of the earth at all times. This 
is done by torquing the platform in accordance 
with the ship^s movements over the earth. 
Chapter 5 presentedthe effects of apparentgyro- 
scopic precession at the Equator. The character 
of the apparent precession esdiibited by a gyro- 
scope as the earth turns depends on the gyro- 
scope^s location on the earth^s surface AND the 
angle that its spin axis makes with the spin 
axis of the earth. 

Figure 10-8A shows how accelerometers may 
be stabilized by mounting them on a gyro- 



controlled platform. The gyros are arranged 
to detect errors in the pitch, roll and yaw axes 
of the missile. Thus the output of the gyros 
will indicate any departure from stable flight. 
The error signal voltage is amplified and fed 
to a servomechanism that corrects the platform 
posttion. 

The accelerometer platform canbe stabilized 
by mounting the platform in a ginibal system 
provided with gyroscopes (fig.lO-8B, insert). 

Chsqpter 5 in this text esqplained how the 
gyro may drift because of bearing friction. 
Accuracy requires that compensation for gyro 
drift be provided. The compensation is obtain- 
ed hy adding an integrating loop to the system 
as shown in figure 10-9. 

Two loops are shown, one representing fast 
control and the other representing slow inte- 
gration. Both loops use the gyro error voltage 
as a control signal. The fkst loop functions 
rapidly to correct platform deviations from a 
level condition. The slow loop sums up the 
gyro drift error signals during the complete 
nig^t, because it cannot respond to rapid var- 
iations. During a normal flight, the random 
drift from a straight, level condition may be 
first to one side and then to the other. As a 
result, the sum of random drift over the entire 
night will usually produce only a small total 
error. 

Pitch Correction for Earth's Curvature. 

The provision for keeping the platform level 
and preventing drift introduces a new problem. 
A normal missUe trajectory is an eUiptical 
path above the earth's surface. The gyro's 
characteristic of being fixed in space would 
mean that the gyro stabilized platform could 
be tangent to the earth's surface at only one 
place (fig. 10-lOA), at the time of latmch. 
Unless it is corrected, the missile mig^t con- 
clude that the line DE (fig. 10-1 OA) is tangent 
to the earth's surfoce. In order to keep the 
platform tangent to the earth as the missile 
travels along its trajectory, the forward edge 
of the platform must be depressed at a rate 
proportional to the velocity of the missile 
around the earth. This keeps the platform 
level about the pitch axis with respect to the 
surface of the earth, as shown in figurelO-lDB. 

Normally, gravity is used as a reference for 
slaving the gyro. But this is not done in an in- 
ertial guidance system. Instead, the platform is 
maintained in a level position by dividing, 
in the computer, the measured missile velocity 
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Figure Basic gyro-stabilized system; B. Stabilization of accelerometer platform. 




by the distance between the missile and the 
center of the earth. The result of this divisicxi 
is a ftmction of the angular velocity of the mis- 
sile. The geometric relationship of the velocity 
&ctor is shown in figure 10-11. A study of the 
diagram will show that if the pitch angle of the 
platform is changed at the same angular velocity^ 
the platform wiUi remain tangent to the earth 
as the pitch axis changes. The platform angle 
can be changed by precession of the pitch gyro. 

241 , 



This precession is brought about by equipment 
in the computer section of the missile control 
system. 

In operati(xi| the output of the first Integra- 
tor, which is proportional to the missile veloc- 
ity, is divided by the distance (R in fig. 10-11) 
to the center of the earth in order to give the 
missile angular velocity (W in fig. 10-11) in 
radians. The result is fed through the gyro 
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Figure 10- lO.— Pitch gyro precession for tangency with the earth: A. Gyro not depressed^no 
precession; B, Gyro depressed at rate proportional to missile speed around the earth. 




w = V/R 

d« ANGLE CREATED IN TRAVELING FROM x to x' 
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Figure 10-11.— Applying angular velocity to platfDrm leveling. 

torquer to process the gyro at an identical other sections of a complete control system can 

angular rate. take many different forms. Individual devices 

It iwould be possible to make similar cor- may be mechanical, electromechanical, e!^c- 

rections for roll axis motion. The error In tronic, or a combination of these types, 
ttmgency would be small, howeve^r, because the 

missile moves such a small distance to either TERBIINAL INERTIAL SYSTEMS 
side of the desired course In comparison to the 

total length of the flight. Therefore, a simpler Short-ran^^e missiles that are transported to 

process is used to correct for roU. Instead of the vicinity, of the target, such as air-to-air 
leveling a platforitn, a proportional biaj^voltage r missiles and antitank missiles, do not need more 

is applied to the accelerometer to correct its than one type of guidance system. Longer range 

output signal. missiles may conibine the midcourse phase and 

Previous chapters of this text have shown the terminal phase of guidanlse. It is in missiles 

that accelerometers, gyros, computers, and intended for long-range use that the midcourse 
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and- terminal phases of guidance are distinct 
and more than one method of guidance may be 
used. As the range of the missile system in- 
creases, the missile-to-target miss distance 
tends to increase for both beam-rider and com- 
mand techniques. If the miss distance be- 
comes excessive, a more accurate terminal 
guidance phase may be necessary. In a number 
of air-to-air and surface-to-air missiles, hom- 
ing guidance is used in the terminal phase. 
Falcon and Sparrow are two examples. It is 
in the long range surface-to-surface missiles 
that conibined systems are most useful. The 
function of any terminal guidance system is to 
place the missile directly on the target, rather 
than Just in the general vicinity of the target. 
Thus, an accurate terminal guidance system 
can compensate for minor inadequacies in the 
midcourse guidance system. 

In this section, we will discuss a terminal 
inertial guidance system. This system uses a 
stabilized platform as a reference plane to carry 
the accelerometer sensors for a constant-dive- 
angle system. 

f 

The terminal guidance phase starts at a point 
in space known as the release point. This is 
where the midcourse guidance system is made 



inoperative, and the terminal guidance system 
takes over. There are two specific terminal 
inertial guidance systems. They are known 
as the constant-dive-angle system and the zero- 
lift system. 

Constant-Dive Angle 

A block diagram for a constant-dive-angle 
system is shown in figure 10-12. This equip- 
ment is able to compute the missile's position, 
during the dive to the target, with respect to the 
release point. 

The output signals from the accelerometers 
are changed to velocity signals by the integra- 
tor. In the direction channel, signals then 
undergo a second integration to convert them 
into signals representing position. For a 
constant-dive-angle approach, the distance 
channel does not need position- error informa- 
tion. It therefore has only one integrator. 
The velocity signal is sent to the pitch servo 
system. If the velocity signal has the correct 
value, there will be no output from the com- 
puter to the pitch servo. If there is an error 
signal, it is fed to the pitch servo, ^ich then 
corrects the dive angle. 
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Figure 10->12.-*Constant-dive-angle system for missiles. 
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Vertical-Dive System 

The vertical-dive system is a variation of the 
constant-dive-angle system* The principal dif- 
ference between the two is the location of the 
release point with respect to the target po- 
sition. The constant-dive-angle system has 
the dive starting at a considerable lateral dis- 
tance from the target. The system then sets up 
a constant-dive-angle ixiiich is maintained aU 
the way to the target. The vertical-dive sys- 
tem release point is almost directly over the 
target, so that the missile can dive straight 
down. 

The nose-over maiaeuver is accomplished 
by precessing the vertical gyro of the missile 
autopilot about its pitch axis. While there are 
a number of factors that determine the amount 
and rate of precession of the vertical gyro, the 
dive angle path to be followed is the primary 
factor in determining the number of degrees 
of vertical preceission^ The angle of incidence 
of the wings is. another factor. This angle of 
incidence introduces a dive trajectory prob- 
lem as shown in figure 10-13. Looking at 
figure 10-13A^ we see that if the missile longi- 
tudinal^ axis were absolutely vertical, there 
would 6e some lift firom the wings, which would 
pull the missile out of its vertical dive. In 
order to compensate for the lift of the wings, 
the controls are set for a slight over-control, 
so that the lift from the wings will keep the 
missile in a vertical dive (fig 10-13B). 

When the pushover arc is completed, the 
missile is at the dive point. The autopilot is 
then cut off from the yaw and pitch servos, and 
has no further effect on the missile flight con- 
trol surfaces* 

Zero-Lift Inertial System 

The block diagram in figure 10-14 shows 
the zero-lift inertial system and the relation 
between it and the missile autopilot. This 
equipment has two ftmcticxis. The first is to 
establish the flight path, which is programmed 
on tape. The progranuned pulses drive a 
constant-speed motor, ^ose rotor drives the 
moving arm of a potentiometer. The second 
function is to keep the missile on.:^ the pro- 
granuned path through the action ^of the ac- 
celerometer. 

To accomplish the first function, the mov- 
ing contact of the potentiometer must be moved 
from the ground end of the resistance strip 
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Figure lO-lS.-MissUe diveattitude: A. Missile 
diverted from vertical path by lift of aerody- 
namic sur&ces; B. Over-control of missile is 
offset by lift to keep missile on vertical flight 
path. 

to the other end at a constant rate of speed. 
Then, if the voltage between the moving arm 
and ground is plotted against time on a graph, 
ttie result will be a strali^t line. When this 



244 j« 



Chapter 10-OTHER GUIDANCE SYSTEMS 



MISSILE AUTOPILOT EQUIPMENT 







PITCH CHANNEL 
OF MISSILE AUTOPILOT 








VERTICAL 
GYRO 




PITCH 
SERVO 
SYSTEM 


TO PITCH 






CONTROL 
SURFACES 


TORQUER 
MOTOR 













TERMINAL EQUIPMENT 



POWER 
AMP 



REFERENCE 



VOLTAGE 



ACCELEROMETER 



.jJ CONSTANT U 
^ SPEED MOTOR 



"dynamiS" 



RELEASE 
SIGNAL 



FROM MIDCOURSE 
GUIDANCE 
EQUIPMENT 



Figure 10-14.»Zero< 

straight-line voltage is fed into a motor, the 
re^iiUnt displacement of the motor's rotor is an 
IrfisST^don of the Input voltage. Because the 
integral of a constant-slope line is a parabolic 
curve, the missile path from the release point 
to the target wUl be as shown in figure 10-15* 
This is a zero-lift trajectory, in ^ch the con- 
trol system acts to maintain a condition of no 
aerodynamic lift on the missile. 

Mth a parabolic path as a reference for the 
pitch axis, the missile will try to follow that 
patch. However, because of the wing angle and 
the ehgine thrust, the missile will actually fly 
a different path unless some oompensaticxi for 
these factors is made. 

Compensation is provided by an accelerom- 
eter that is mounted so as to be sensitive to 
accelerations along the vertical axla/iof the 
missile. Therefore, if the wings exert a lift- 
ing force, the accelerometer senses the lift 
and originates a signal that corrects the ver- 
tical gyro precessicm. If the wings are ex- 
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lift inertial system. 

erting some lift due to a programmed signal, 
the signal firom the accelerometer adds to 
the programmed signal in the mixer stage 
and causes the gyro to precess at a foster rate. 
If the missile noses over too fkr, there will be 
negative lift and the accelerometer sends a 
signal that subtracts from the programmed 
signal in the mixer, and slows up the preces- 
si(xi rate of the gyro. Thus the missile flies 
the course shown in figure 10-15. 

The acticxis just described provide the basis 
for the name of the system. The name zero- 
lift is used because the signal from the ac- 
celerometer compensates for any lift in the 
vertical axis of the missile. 

CELESTIAL.INERTIAL SYSTEM 

Celestial navigation has been used for many 
years. The navigator uses a sextant to meas- 
ure the angular elevation of two or more known 
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Figtire 10-15.— Flight path of zero-lift 
inertial missile. 



stars or planets. From these measurements^ 
a ship's position can be plotted. 

The celestial-inertial navigation system uses 
a simplified approach to the problem; it uses 
an inertial system that is siqpervised by a 
series off ixes. One of these systems isknoivnas 
Stellar Supervised Inertial Autonavigator (SSIA) 
another is called: 

Automatic Celestial Navigation (ACN). 
The Snark miisisile used the SSIA system. The 
gyro ttot controls the position of the accelerom* 
eters is siibjectto random drifts and tiie result is 
an error that tends to increase with time. The 
error may be as much as half a mile for a 
flight ttiat lasts 45 minutes. For longer flights^ 
the error would naturally increase. Random 
gyro dirih varies inboth direction and magnitude. 

One method that may be used to overcome 
the random drift error involves the use of 
star sic^ts* The checking is done in much the 
same manner as a human navigator would check 
his positioh by observing ah object, such as a 
star 9 having a known position. The ihisMle does 
not carry a human navli^tor; it must use a me- 
chanical stibstitute. 

Stellar Supervised Inertial Autonavigator 

In the stellar supervised autonavigator, 
periodic sights are taken on known planets or. 
stars to check on gyro drift* 

To make the dieck, an automatic sextant is 
moused on a platform in the missile so that 
it can be turned on 6levatidh tnd asimuth axeli. 
An Automatic sesttant is ihdivn in fictufe 10-16. 



The sextant is moved on two axes by motors. 
These motors are connected to the sextant- 
positioning system. 

Figure 10-17 shows a sextant positioning sys- 
tem in block form. Note, that the elevation servo 
generator and the azimuth servo generator both 
receive signals.from the tape reader. The gen- 
erators are connected to servo motors. The 
shafts of these motors are mechanically ccxi- 
nected to the sextant positioning gears, so that 
the sextant position is actually controlled by the 
information on the tape. 

The desired flight path of the missile is 
programmed on a tape (fig. 10-17). The tape is 
pulled through a tape reader at a constant speed 
by the drive motor. The signals on the tape con- 
tain elevation and azimuth commands which are 
automatically fed to the sextant drive motors via 
servos. The tape is prepared prior to launching 
the missile and contains all the necessary posi- 
tion and rate data for the entire flight. To get 
accurate position checkSi the sextant azimuth 
and elevation information must be read from the 
tape at the pi^oper time. This is of paramount 
importance since a given star is at a particular 
angle with respect to a certain spot on earth only 
at a particular instant. 

The position of the sextant is checked by 
a section called the STELLAR ERROR DE- 
TECTION CIRCUIT^ vAiich determines v^ether 
or not the star is centered in the telescope 
field. If the star is not centered in the field, 
an error signal is generated and processed to 
show the amoimt of sextant error. The error 
detection circuit is shown in block form in 
figure 10-18. 
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Figure Id-lC— Automatic sextant. 
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Figure 10-17.-Se3cta 

The sextant is trained on a given star by 
information taken from the tape, and then 
continues to follow the star on the basis of the 
programmed tape. The output of the automatic 
sextant is fed into an error-detectine system 
(fig. 10-18). 

The scanner is used to detect errors in 
centering the star in the optical field of the 
sextant. The scanning system Includes a light- 
chopper, or interrupter, and a {AiototUbe. The 
output voltages of the error-detection system 
are proportional to the missile deviations in 
roll, pitch, and yaw. The lig^t from a star, 
after passing through the scanner, which contains 
a chopper which modulates the light beam at a 
given rate, fitlls on the light-sensitive cathode 
of the photo-cell, the cell output voltage is pro- 
portional to the light intensity. Theoutputis then 
fed to & selective amplifier that selectisi the signal 
from the lioise* The aihplifier output is then fed 
through a detector section to a resblver, ^ich 
breaks down the signal into azimuth and elevation 
error slgniQiB^ 

The direction riesolyelr has two outputs. Ond 
goes dii*ectly to thd yaw coid^flirator; the other 
goes to a second resolveii* de(Bti(m# The second 
resolver is coiitrdUed from the tape signals. 
The same signal that Jets the sextant pdisitlbn 
sets thiB i^eitolvier fdi^ dlevation error outp^^ 
Unless the eleVaitloti signal is resblVed in this 
tnanher, there is nd wiiy to detertnind whether 
the error exists iti pitibh or toTlk (If the ddictant 
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t-positioning system. 

were raised and pointed directly forward along 
the missile heading, any elevation error signal 
from the sextant would be assumed to be an 
error about the pitch axis. If the sextant were 
pointed out the side, in a lateral direction, any 
elevation error would be a function of missile 
roll. Therefore a resolver is necessary to de- 
termine Aether the error signal is caused by 
pitch, roll, or by a combination of the two.) 

An ideal way to use a star-sighting system 
is first to check a star whose line of position 
is parallel to the missile course, and then to 
check another vAiose line of position is at right 
angles to the missile course. The information 
from the first star would then be applied to the 
computer direction channel, and that from the 
second would go to the distance channel. These 
signals would then correct the gyros to a new 
position, and compensate for any gyro drift that 
might have occurred. With the gyros corrected, 
errors in roll, pitch, and yaw canthenbe meas- 
ured and used to position the control surfoces. 
Remeniber that the missile equipped with this 
system is also inertlally guided. The outputs of 
the celestial syistem correct any errors made 
by the inertial equipment. It is not possible to 
6btaM proportional control with this system be- 
cause of the delay in signals getting through the 
circuits^ and damping by the rate ftmctlon. 
How^er^ the system does tend to Jretum the 
missile to the correct course as soon as pos<" 
slbie without over«control oscillations. 
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Figure 10-18.— Stellar errors-detection circuit. 



AUTOMATIC CELESTIAL NAVIGATION 

The most difficult prdblem to overcome in 
the system Just described is gyro bearing 
friction. The problem may be solved by using 
a contimiously siq[)ervised system. The auto- 
matic celestial navigation (ACN) system is 
contimiouflAy referenced by stellar fixes. This 
does not mean that ttiere is no longer a neces- 
sity for inertial supervision; the inertia! prin- 
ciple is still used by the autopilot between 
guidance conmiands. 

The platform equipment for ACN requires 
one or more automatic sextants id addition to 
those already mentlbned^ Tvb sextants oper- 
ate Bimultaneoudy to obtain a series of fixes, 
rattier than a line of position. With fbMB on 
two stars at the same . time, there is less 



chance of error. It is possible that a standby 
sextant might be added to the equipment, so 
that it can zero in on the next star in the 
navigation sequdnoe without interfering with 
the fixes that are being made. 

One disadvantage of the multiple sextant 
system is the need for a window big enough to 
view a large area of the celestial sphere. Such 
a window would need optical characteristics 
that would add greatly to its cost. In addition, 
the larger window area 'is more suibject to 
damage by natural forces at high speeds. 

LIGHT DISPERSION BY SHOCK WAVES.^ 
As lifl^t passes through any light-conductive 
material, a certain amount of refraction or 
bending, takes place. The higher the density 
of the nuiterial, the greater is the degree of 
bending. Rays of light are refiracted when 
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they pass obliquely through the shock waves 
that are generated by any missile traveling 
(in air) at or above the speed of sound. This 
effect may be severe enough to limit the use 
of celestial navigation to missiles operating 
at less than sonic speeds, or those operating 
out of the atmosphere. Figure 10-10 shows 
the effect of shock waves on optical systems, 

NOISE FILTERS.-.In a practical applica- 
tlcn, noise exists in the output of the velocity- 
measuring component. The noise is in the 
form of short bursts, or peaks, of energy. It 
may be effectively removed by choosing com- 
ponent values to give the proper time ccxistant 
(delay) in the circuit. But a filter of this type 
is not suitable for use in removing noise of a 
continuous nature. If some steady error, due 
to noise, is present in the signal that indicates 
velocity, the entire computer output will be in 
error. The elimination of errors caused by 
noise requires a circuit that will block noise 
error signals but pass other signals, A cir- 
cuit with the desired characteristics is a high- 
pass filter that uniformly passes a-c of the 
hifi^er frequencies, but blocks any signal of a 
lower frequency. 

High-pass filters using inductive and capac- 
itive components are easy to construct; but 
precisicxi components are necessary to get 
sharp frequency characteristics, and this fkct 
increases the cost considerably. To avoid 
costly components, a d-c amplifier with inte- 
grator feedback is used as a high-pass filter. 



The integrator secticxi is designed to re- 
spond slowly to an input signal. It may take as 
long as 10 minutes for the integrator signal to 
build up enough to cancel a steady amplifier 
input signal. Therefore, all voltages that vary 
at a faster rate will go through the circuit be- 
fore the feedback becomes effective, 

TERRESTRIAL REFERENCE NAVIGATION 

The search for accurate, foolproof missile 
guidance systems has turned up many possi- 
bilities. Some of those that seem the most 
fantastic are based on sound reasoning. The 
examples that follow &11 into this category. 

Several picture and mapmatching guidance 
systems have been suggested and tried. As 
mentioned in chapter 6, terrestrial reference 
navigation relies on comparisons of photos or 
maps carried in the missile with an image of 
the terrain over which the missile is flying at 
that time. 

The basic idea can be shown by using the 
common photograph as an example. If a photo- 
graphic negative is placed over its coincidii« 
positive, the entire area will be blade. If the 
positive were in the form of a transparency, 
the entire area would be opaqpie and no light 
would get through. If either the negative or the 
positive is moved slightly with respect to the 
other, light would show through vAiere the two 
prints were not matched. If one transparency, 
say the negative, were in the form of a strip 
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that ^8 pulled through a frame or window by 
a motor, it would be possible to devise a control 
system that would automatically match the 
images. However, instead of a transparency 
for the positive image, the projected image 
of the terrain from a lens of radarscope would 
be used (6-14). 

Daylic^t systems are ruled out because 
they would be seriously affected by clouds, fog, 
and smoke. The use of photographs of the ac- 
tual course or target area would not be suitable 
for the reasons outlined above, and because 
such a system would be susceptible to counter- 
measures. On the other hand, a radar map- 
matching system has greater, effective range, 
and is not limited by conditions of visibility. 

Radar Mapmatching 

A guidance system that uses radar map- 
matching has, among other parts, a radar, 
PPI, lens, scanning motor, map holder, and 
phototube. Figure 10-20A represents the com- 
ponents of a mapmatdiing system. 

A map ofthe terrain over which the missile is 
passing must be previously prepared on a nega- 
tive transparent film. This fact calls attention 
to a weak point in the map matching method— 
landmarks can change or disappear, or new 
landmarks can be added; andthereforethe map of 
the area must be very recent. 

In operation, the comparison is made by 
. projecting the radar image firom the PPI tube, 
through a negative radar map transparency of 
the same region, onto a photonniltiplier tube. 
(A photomultlpller tifl>e is an electron tube so 
constructed that it produces current amplifica- 
tion. A very weak light source can be greatly 
amplified by a tUbe with multtple stages.) The 
lens (fig. 10-200) through which the PPI image 
passes is rotated In much the same manner as a 
radar antenna is scanned. The mirror rotation 
causes the PPI image to be moved in a small 
circular pattern over the film. When the image 
from the. PPI tiibe exactly coincides with the 
map image, minimum light gets through to the 
photo-multiplier ttibe. 

When the output of the photomultiplier tube 
amplifier is properly con^mutated by the com- 
mutator section, left-rightandfore-aftlnforma- 
tion is dbtained. ^ 

The pulses from the commutator are ap- 
plied to d-c discriminators and integrators. 
Then, as shown in figure 10-2QA, the informa- 
tion is fed to two loops, lateral and longitudinal. 



The left-right information is fed to a servo- 
amplifier which drives the film carriage 
laterally to keep the images matched. The 
position of the carriage is picked off as an er- 
ror signal voltage for the missile control sys- 
tem. As the missile turns on its yaw axis to 
the correct heading, the film carriage is moved 
and the error cancels out. 

Fore-aft information is fed to the longitud- 
inal servoloop that pulls the film through the 
holder at the correct speed to maintain a match 
between the film itmge and the PPI tube image. 
This means that the film speed nnist be propor- 
tional to the ground speed of the missile. It 
is possible to key the film to cause course 
changes or to start the terminal phase. 

Errors can result from a difference in alti- 
tude between reconnaissance (radar mapping) 
and tracking (actual missile flight) runsbecause 
of slant range distortion and altitude- return 
delay. 

It is necessary to have angular matching to 
within one degree before accurate left-right and 
fore-aft information can be obtained. Angular 
matching can be obtained by means of a mag- 
netic auxiliary such as a compass. Matching is 
maintained by the azimuth loop of the system. 

Two types of film holders can be used. The 
frame type is the larger, and more complica- 
ted mechanically. It switches separate frames 
into the scannii« area and is easier to lock on 
with the system. However, a better method 
seems to be the one shown in figure 10-20, in 
which^ the film is scanned through a mask with 
a seniicircular opening. 

If the film strip used in this system is pulled 
through the viewer at a speed corresponding to 
the missile ground speed, its length wiU be about 
1/20 of that required for a frame-type map. 

Errors can result from a difference in alti- 
tude between reconnaissance (radar mapping) 
and tracking (actual missUe flight) runs be- 
cause of dlant range distortion and altitude- 
return delay. 

It is necessary to have angular matching to 
within one degree before accurate left-right 
and fore-aft information can be cbtained. 

The rtference maps may be obtained by 
actual radar mapmaktag flints over the ter- 
rain that is to be traversed by the missile, 
'^ese flights may be made at high altitudes in 
almost any kind of weather. Another method 
involves the use of synthetic maps. 

The synthetic maps are prepared by using 
maps of the area, aerial photos, and other 
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Information. A rdief map is built up from this 
information and then photograidied. Maps pre- 
pared In this maimer are only dli^tly inferior 
to actual maps. 



Radar mapmatchlng is limited by the capac- 
ity of the fUm magasine. Also itcaimot be used 
over vntw, or over land that lacks distii^ish- 
features. The system is also subject to 
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electronic countermeasures, but it has somri 
immunity because of the highly directive an- 
tenna system* 

Therefore, this system is best suited for 
use as a part of a composite system that uses 
nonradiating midcourse guidance. The map- 
matching system would be used for a mini- 
mum time prior to the arrival of the missile 
at the target. This method affords the greatest 
element of surprise, and represents the best 
method of evading countermeasures. 

Magnetic References 

The use of the earth's magnetic field as a 
reference for missileguidancesystemshasbeen 
discussed in another chapter. The sensor units 
used in this system are refinements of the 
simple magnetic compass, and are called the 
flux gate compass and the gyros]rn compass. 

Studies made during the International Geo- 
physical Year, and the information oXrtained by 
submarines cruising under the ice at the North 
Pole, have given new insight into the nature of 
the eartti's magnetic field. These studies will 
continue. And, as more information is gained. 



magnetic reference systems will become more 
practicable. 

The present accuracy of magnetic systems 
is within about 7 miles, but is limited to the 
course line only. This means that a missile 
ustag this system would need to be launched 
near, or flown to, the vicinity of a line of mag- 
netic intensity that crossed the target area. 
Magnetic storms would prevent the use of the 
system until the earth's magnetic field re- 
turned to normal. 

Keep in mind that, as more knowledge is 
Obtained about the behavior of the magnetic 
field, it m&y become possible to predict mag- 
netic conditions in much the same manner as 
weather is predicted today. There is, accord- 
ing to present knowledge, one major difference 
in the two types of predictions. Weather pre- 
dictions may prove inaccurate for a given area 
because of purely local conditions. On the 
other hand, the earth's entire magnetic field 
is disturbed under magnetic storm conditions, 
and there are no strictly local effects. Oiould 
extremely accurate magnetic condition forecasts 
become feasible, it is possible that the disturbed 
conditions might be used to advantage in missile 
guidhnce. 
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CHAPTER 11 



GUIDED MISSILE SHIPS AND SYSTEMS 



INTRODUCTION 



GENERAL 



This chapter describes the current guided 
missile ships and systems of the Navy. It will 
orient the student to the missions, HunctionSy 
and general nature of the Navy's missile pro- 
gram. 

The confidential text in this series will 
describe in more detail those characteristics 
of missile ships and systems ^ch have been 
omitted here because of security. 



MISSION OF MISSILE SHIPS 



Before proceeding with descriptions of the 
missions of missile ships, it is necessary that 
the reader be familiar with certain definitions. 

The MISSION of a ship is a broad statement 
of its designed purpose in the Navy. In a more 
restricted sense, the term mission can be ap- 
plied to the component parts of aidiip. Thus the 
term la also used in reference to missile sys- 
tems. 

Tasks of the mission specifically define what 
the diip is expected todoatagiven time. There 
are two brdad icategories into urtiich missions 
are sometimes divided-*STRAT£GiC and TAC- 
TICAL. A full discussion of the meaning and 
nignifieance of th^se terms cduld extend the 
length of this diapter. Quick insight can be 
grasped however, by remeittbeHi^ that tactics 
is the art of batae, and that ifaMtegy 'ts the art 
of war. tlitrefore, Atacticttlttiissidnisone tha^ 
has a direct itifiuMtie tin th^ cdura^ntf battle in 
progress. A strategic mission is for- 
reaching— it is one that may have no direct or 
immediate influence. The Job of providing close 



fire support to permit the advance of friendly 
troops would be tactical in nature. The destruc- 
tion of ball bearing factories deep in enemy 
country, thereby affecting the enemy's war- 
making potential, would be strategic. 

Tactical targets, as opposed to strategic 
ones, are fleeting innature; they can be success- 
fully attacked only by weapons that can reach 
them in minimum time and with a high degree of 
accuracy. One should not consider, however, 
that thesedefinitionsare hard-set. For example, 
ccnsider the destruction of an enemy airfield. 
In one phase of a battle this may have strategic 
significance. But the destruction of the same 
airfield in support of a landing operation would 
have tactical significance. 

TYPES OF MISSILE SHIPS 

GENERAL 

Because of the rapid changes brought about 
by many recent scientific breakthroughs, the 
design of missile ships or missile systems is 
still changing. But there are certain patterns 
that can be considered fundamental. Atthetlme 
of writing this text, all but one of our missile 
cruisers are conversions from older ships. 
Conversion rather that construction is an eco- 
nomical approach to a guided missile Navy. la. 
many ways it is a necessary approach, since 
many problems Ui ship construction for missile 
needs must be worked out. In addition to the 
conversions, however, there are now in com- 
mission many new ships designed from the keel 
up as guided missile ships, and many more are 
in the building or plannii« stage. No guided 
misstle destroyers are conversions. 

^OUIDBD MISSILE CRUISERS 

In general, the mission of missile cruisers 
is to provide AA defense, to bondbard enemy 
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shore installationsi to carry a force commander, 
to control aircraft, and to conduct combat oper- 
ations against enemy surface craft. 

Cruisers are being designed to include an 
ASW capability. This will enable them to pro- 
vide defense against enemy subsurface attack, 
and thus permit a field of action much greater 
than that of conventional cruisers. Figure 11-1 
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Figure 11-1.— A possible disposition of a 
missile- equipped task force. 



indicates a possible task force formation of the 
future. Note that the force is spread out over 
many miles of ocean. 

There are five classes of guided missile 
cruisers. First, there are the CAG (Terrier) 
conversions. Figure 11-2 is a picture of the 
USS Canberra (CAG-2). This class of ships is 
the result of conversion of World War II heavy 
cruisers. From outward appearances, the con- 
version consists of removing the after 8*V55 
triple turret, three after 5*V38 twin mounts, 
and the after conventional fire control directors, 
and substituting two twin Terrier launchers and 
two Terrier directors. 

Figure 11-3 shows a second class of missile 
cruisers— the CLG (Terrier) class. These ships 
are conversions of World War II light cmiisers. 
The armament of the CIXS (Terrier) consists of 
the following: 

1- twin Terrier launcher 

2- missile guidance systems 
1 or 2-6"/47 triple turrets 
1 or 3— 5*V38 twin mounts 

A CLG (Terrier), converted to include fleet 
flag facilities, will have further modification of 
its gxm batteries. 

Of the CLG (Terrier) conversions, the USS 
Providence ^ Springfield, and Topeka have be- 
come the CLGs 6,7, and 8, respectively. 

The third class of guided missile cruiser is 
the CLG (Talos). For the purpose of this book. 
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Figure 11-3.-- USS Springfield (CLG-?). 
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the only significant difference between the Ter- 
rier- and Talos-equlpped CLGs Is In the cap- 
abilities of the missiles themselves. The CLG 
(Talos) Is converted from the same class of light 
cruiser, and the resulting armament Is essen- 
tially the same as that described for the CLG 
(Terrier). In the CLG (Talos) class, there are 
the USS Galveston. Little Rock, and Oklahoma 
City, CLGs 3,4, and 5, respectively. 

The fourth class missile ship conversions 
are the all-mlssUe cruisers USS Albany . Chi- 
cago, and Colunibus . CGs 10,11, and 12, re- 
spectively. These were formerly World War 11 
heavy cruisers. The conversion to guided 
mlssUe cruisers has been more complete with 
this class, however, as all gun turrets, gun 
mounts, and ccmventlonal fire control directors 
have been removed. In their stead, Talos 
launchers have been Installed fore and aft; a 
Tartar launcher on each side, and Talos di- 
rectors and Tkrtar directors have been em- 
placed. However, two single 5*V38 twin mounts 
have been re-lnstalled amidships. Figure 11-4 
Is an Illustration of the USS Albany (CG-10). 

To complete the picture, there Isthe nuclear- 
powered gidded inldsUe cruiser, which Is the only 
cruiser designed since World War n from the 
keel np. Figure 11^5 shows the USS Long 
Bea^ (CON-9): Like the USS Albany ciass. it 
Is armed with both long and medium range 
surfiice-to^alr mlssliea, but it aMb has the 
latest ASW armament. Nuclear propulsion 
gives this class a tSLV greater operating range 
than ships with conventional propulsion. 



GUIDED MISSILE DESTROYERS 



Present planning provides for four classes of 
destroyer types having a mlssUe capability. The 
mission of each of these types Is to screen task 
forces and convoys against enemy air, surface, 
and submarine threats. They also provide air 
control, give radar picket duty, make offensive 
strikes, and carry DASH. The first of these Is 
the guided mlssUe destroyer (DDG). TheDDGls 
similar to the conventional destroyer In dis- 
placement and other general characteristics. 
Figure 11-6 shows USS Barney ^DG-6). The 
following are typical armament installations on 
a DDG: 

2-5*V54 gun mounts 

1- twln or single Tartar launchcvi 
. 1-Asroc launcher 

2- Mk 32 triple torpedo tubes 

The second DD fkmlly Is the guided missile 
frigate QDIX3). The DLQ Is the big sister of the 
DDG, with loftiger endurance and better sea- 
keeping abUltles. DLQs are equipped with the 
Terrier mlssUe systemi Those of the Leahy 
class (fig. 11-7) carry a Terrier launcher both 
forward aft, whUe those of the Farragut class 
have but one Terrier launcher mounted aft. 
In place of the forward launcher, a 5*V54 gun 
mount Is installed on these ships. In addition 
to the above, all DLQs carry two twin 3*y50 RF 
(rapid firing) gun mounts, Asroc, and ASW 
torpedoes. An Important new addition to the 
DLG ranks Is the nuclear-powered guided mls- 
sUe frigate, USS Balribrldge (DLGN-25). The 
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Figure 11-4..-USS Albany (CG-IO). 
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Figure 11-5.-USS Long Beach (CGN.9). 
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Figure 1K6,-USS Barney (DDG-6), 
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Figure 11-7.~USS Leahy (DLO-16). 
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armament of the U88 Batribrldge is the same as 
that of the DLG- 16 class (see fig. |ll.7, tJSS 
Leahy (DLG^16)). but her operating; range is 
vastly greater^ 

The newest members of the guided missile 
destroyer fkmily are the DEGs^ guided missile 
destroyer escbrts* The PEGs are dglilgned to 
locate and destroy enlBmy submarines. They will 
be fitted with a Tartar missile launcher, and will 
also carry a 5'V38 gun mount, Asroc.twoMk 32 



tr^le torpedo tubesi and two Mk 25 torpedo 
tubes. 

GUIDED MISSILE SUBMARINES 

The primary mission of the guided missile 
submarine is to deliver guided missile attacks 
against enemy shore installations. Its tasks in- 
clude the launching and control of missiles, 
and self-defense by means qt underwater 
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launched weapons. The foremost of our guided 
misstle submarines are those designed to carry 
the Polaris ballistic type missile. These long 
rai^sing nuclear-powered ships with their for- 
midable weapons are a powerful deterrent 

any consideration our enemies might have of 
H:^'.^ldn<? the ''cold war" a ''hot" one. 

A new type of m;\ssile, Subroc, an under- 
^Aer to air-to-uitcierwater missile, is being 
developed and is expected to be operational 
soon. Subroc is designed to be launched from 
standard torpedo tubes using conventional ejec- 
tion methods. Subroc, when fUUy operational, 
will provide submarines with a radically Im- 
proved kill capability. 

OTHER MISSILE SHIPS 

The Navy Intends to eventually replac'* many 
of its '^conventional an;iaircr&ft gumitoiy sys- 
tems with >iiifi.;>!le systems. In the ftiture, 
amphibious craft, and service craft will take 
their plarn in the mispfii Navy. At the pres- 
ent time, three CVAs, tlise USS Kitty Hawk 
(CVA-63), US 8 America (C7A-66), and the U8S 



Constellation (CVA-64) (fig. 11-8), are each 
fitted with twin Terrier launchers. It is planned 
that ot'ier carriers to come, plus some already 
in commission, will be fitted with missile sys- 
tems. 

SURFACE SHIP MISSILE SYSTEMS 
GENERAL 

This section will outline the ftuidamentals 
of a surface-to-air missile system as it might 
be found on a surface ship. Specifically, this 
section will take up the Terrfor (RIM) system 
as found on DLGs. The mi^ile systems on 
these ships may bB considered typical of a 
surface ship m^:?st!a system. 

ORGANIZATION OF MISSILE SHIPS 

The' organization of missile ships U com- 
parable to that of other ships with csimilar 
missions. Most of the equipment and personnel 
associated with the missiles are undet the 
cognL^-ic^^vd of the '^'eapons officer. 



Figure ll-8.i^ US8 Coagtettatton (CVA-ff4) launching Terridr missile. 
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Figure 11-9 is the Weapons Department 
organizational chart for the USS Farragiit 
(DlXjr-6). There are variations to suit the 
needs of each ship, but figure 11-9 illustrates 
the type of organization. 

The men ^o are responsible for the op- 
eration and maintenance of the missile itself 
are under the missile officer. Weapons con- 
trol equipment of the missile system is imder 
the cognizance of the fire control officer. 

The missile system also gets an assist 
from Operations Department personnel, as Ra- 
darmen perform certain plotting and liaison 
functions in the weapons control system, 

TERRIER (tUM) MISSILE SYSTEM 

The arrier missile system of a guided 
missile ship consists of four major subsys- 
tems: (1) the missUe, (2) the ship, (3) the 



weapons control system, and (4) the missile 
stowage, loading, and launching system. 

The Missile 

As you will recall from the first part of this 
volume, the Terrier (RIM) is a medium-range 
beam rider, or a homing missile, depending 
on the mod, propelled by a solid-fUel sustainer . 
rocket, and launched with a solid-fUel booster. 
It is capable of carrying a fragmentation or a 
nuclear warhead. It can be used against sur- 
face, shore, or air targets. 

The Ship 

The second major subsystem is the ship 
itself, which provides the launching platform, 
and transports the missile part way to the tar- 
get. It also provides the basic services neces- 
sary for the maintenance and operation of the 
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missile system. These basic services include 
electric poorer, communicatioos, testing fii- 
cilitiesy compressed air and nttrogen, logistics 
support, etc. The diip also profvides early warn- 
ing and oUier CIC functions required for target 
acqpiisitiohs, target tracking, and computer 
solutions for fire control problems. 

The armament of a DLG varies, of course, 
on one-ended fFarragut class) or the double- 
ended (Leahy dass) ships. Figure 11-10 
Illustrates the placemer^t of components on a 
DLG class 9 ship. 

Weapons Control System 

it 

This is the third major subsystem. It en- 
compasses botti the gun and missile fire control 
equipment. The weapons control system willbe 
described in some detail in ttiis and the suc- 
ceeding section. 

Consider that an aircraft at 20,000 feet, 
travelii« at 600 knots, will reach its bonib- 



release point more than 10,000 yards from its 
target. Consider, also, that this aircraft is 
travelii« 20,000 yeurds a minute, and that the 
total prdblem may consist of two, three, or 
more aircraft. Finally, recall that in order 
to destroy an aircraft with a missile or a 
projectile it will be necessary to do all of the 
following BEFORE the target aircraft reaches 
its bomb-release point: 

(1) Detect the target aircraft witti radar 

(2) Identify the target as ''friend or foe'' 

(3) Designate to a selected director to ac- 
quire the target 

(4) Obtain a soluti<m witti director's as- 
sociated computer 

(5) Assign weapons to ttie tracking direc- 
tor on a priority basis, and position 
these weapons in train and elevation 

(6) Fire 

(7) Wait until the projectile or missile 
reaches the point of impact with the tar- 
get 




Chapter ll-.GUn>ED MISSILE SHIPS AND SYSTEMS 



The need for urgency, and the complexity of 
the AA problem, were the reasons for develop- 
ment of the complex weapons control system 
found on the missile ships. The missile ship 
weapons control system was conceived to hold 
to a minimum the time required for acquisition 
of targets, and to permit simultaneous engage- 
ment of multiple targets. 

The wes^pooB control system can be divided 
into fire control equipment and weapons direc- 
tion equipment. 

The FDtE CONTROL equipment supplies the 
basic intelligaice and control Amotions for ef- 
fective engagement of targets by the ship's 
weapons. Thus, with conventional gunnery, 
ttiere is a need to compute gun orders. Witii 



missiles, ttiere is a need to solve for launcher 
and in-flight guidance orders. 

The WEAPONS DIRECTION EQUIPMENT 
provides ttie displays and controls required 
for the proper utilization of the ship's weap- 
ons. This utilization requires fUll evaluation 
of targets, assignment of missile (or gun) di- 
rectors to the proper targets, prefer selec- 
tion of missiles and loading of launchers, tac- 
tical evaluation prior to firix^, and, finally, 
continued evaluation to ascertain that targets 
are effectively encountered and that target 
priorities remain as first evaluated. Figure 
11-11 is a sketch of a weapons control station, 
vAiich contains most of the weapons direction 
equipment. Other missile Aips use similar 
equipment, often the same mark and mod. 




Figure 11-11.-* Weapons control station. 
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Missile Stowage, Loading, and Launching Tracking, Evaluation, and 

Systems Director Assignment 

In general, it can be said that the mlssUe is In addition to the conventional search and 
handled in the same way that conventional am- fire control radar normally found on Navy 
munition and weapons are handled. However, ships, a designation radar Is installed as part 
certain missUe characteristics modify the han- of the weapons control system. The designa- 
dllng and stowage prdblem. The Terrier mIssUe tlon radar Is a hemispherical scan radar, and 
Is heavy and unwieldy, since Its length with it provides a continuous 360 HORIZON TO A 
booster Is over 26 feet, and Its weight Is in the GIVEN ELEVATION radar scan. Thus, the 
neighborhood of 2400 pounds. The electronic designation radar will supply range, bearing, 
equipment, and the powder grains that make up and elevation of all targets within Its range, 
the booster, require a controlled environment All targets within the scope of the hemispherl- 
in order to maintain missUe rellabUlty. If sub- cal scan radar are made avaUable as inputs 
Jected to cold, the boosters and sustalners be- to the automatic tracking (TWS: track- whUe- 
come brltUe and are more likely to fracture scan system) feature of the weapons control 
upon normal handling. A missUe propellant system. Automatic tracking Is necessary be- 
that Is cracked will burn faster than It normally cause of the requirement for speed, and be- 
should, becoming unreliable and pertiaps ex- cause the number of targets may exceed the 
tremely dangerous. Excessive heat and/or number of directors available, or the capability 
moisture will also have an adverse effect on the of human tracking. The Terrier weapons con- 
mlssUe booster and sustainer propellants. trol system Is able to retain aU target informa- 

Each missUe laundier has an associated tlon In a ready-to-use form, for transmission 

magazine, ready service magazine, and wing- to directors as rapidly as they are able to take 

assembly area. The missiles are stored in a successive targets. 

condition ready to be launched on short notice. Too, because of the limited time avaUable, 

Also because of the rapidity with which the AA provision Is made within the weapons control 

prdblem develops, provision Is made for rapid system for as much automatic evaluation (as 

loadii« of additional missiles and the Jettison- opposed to human operation) and director as- 

ing of malfunctions. With the exception of wing signing features as is possible. Thus an 

and fin assembly, the Terrier loading cycle Is aircraft attacking so as to be the most serious 

fuUy automatic. threat wUl automatically be given priority in 

A more detailed study of missile loading and director assignment, 
launching systems will be included in the con- 
fidential volume of this series. Weapons Control System Phases 



THE AA PROBLEM 

Figure 11-12 is a block diagram that will 
help the reader to understand the functioning 
of the Terrier weapons system as it concerns 
the AA pr6blem. 

Detection and Identification 

A target IS detected by the ship's air 
search radar, by an Airborne Early Warning 
(AEW) system, or perhaps by another ship 
acting as a picket. Another source of informa- 
tion is the Navy Tactical Data System (NTDS), 
discussed later. This target information Is 
presented to CIC and the weapons control station 
in a conventional manner. The target Is Inter- 
rogated, plotted, and assigned a designation ac- 
cording to its status as friend or foe. 



Within the weapons control system are three 
successive phases of actions and equipments, 
although the interaction of modern equipment 
has tended to break down separatloi Into phases. 

PHASE I.— This Is a combined phase I for gun 
and mlssUe use, whereby targets are selected 
by the phase I equipment operators for automa- 
tic tracUng. These phase I operators, aided 
by ^KAiat Is presented on their radar scopes and 
by the information received from CIC, then 
Institute the automatic features of the TWS sys- 
tem. To summarize, phase I equipment pro- 
vides for display, detection, initial selectloi, 
and tracking of tu^^ets. 

PHASE n.-,This and succeeding phases wUl 
be discussed ohly insofar as they concern the 
missile prdblem. Parallel capabilities for tar- 
get acquisition are provided for the gunnery 
problem. Phase H equipment for missilery 
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provides for evaluation and assignment to a 
particular missile director, or for rejection as 
a missile target. If the target is rejected for 
missilery at this point (or at any other time), 
designation to a gunnery director must be conr 
sidered. (The phase n equipment fbr gunnery 
will function automatically to assign to a gun 
director for acquisition any target that meets 
the priority requirements.) Duplication of ef- 
fort is prevented by the fact that targets are 
normally engaged with missiles long before 
their priority dictates serious consideration by 
the gunnery assignment equipment. To sum up 
the phase II equipment operators select and 
assign priorities to missile targets; they then 
assign the targets, in order of "threat'% to the 
missile directors for acquisition. 

PHASE in.— The function of the phase III 
equipment is to receive and display all the com- 
prehensive infoniaation necessary to select 
launchers and successfully fire the appropriate 
missiles against the selected targets. In- 
formation, such as unclear areas, launcher 
availability, maximum and minimum missile 
capabilities, present and advance target po- 
sition, etc., are available to the phase in 
equipment operators. 

Fire Control 

A director, having acquired the target des- 
ignated by the weapons direction equipment, 
will, together with its computer, complete a 
solution. The soluticni is In the form of 
missile launcher orders and missile guidance 
orders. The AA problem is completed when the 
target is destroyed, or iwbai a director is re- 
leased because of change in target priorities. 

BflSSILE LOGISTICS 



Bfissile logistics is the prbblem of keeping 
the operating forces supplied with a stoclqpile 
of missiles and spare parts. Initially,* missile 
components are shipped in sections from the 
manufiicturers to storage depots located 
tiirouc^out J^e continental United States and at 
its advanced bases. Each of the sections that 
make up ttie missile is packaged in a reuisable 
metal container. The containdts are sealed, 
and contain desiccant in order to provide an 
environment least likely to cause unreliability 
in the component. When necessary to supply 
the opeiating forces with a missile, it is the 



depot^s responsibility to test, assenoble, and 
transfer a complete missile in the form re- 
quired by the recipient. A missile, being ex- 
tremely complex and of large unit size and 
value, requires more care in transport and 
handling than does a conventional round of am- 
munition. For this reason, aU handling equip- 
ment and shipping containers are designed to 
realize maximum missile reliability. 

Once aboard the ship the missiles are 
again tested to ensure reliability. Missiles 
must either pass the rigid tests or be repaired. 
When any missile component fiiils in test, it is 
replaced with a spare and the rejected part is 
shipped back to a depot for complete overtiaul. 
The ship is equipped to make minor repairs 
and component substitutions, but not to make 
extensive overhauls. All the steps in missile 
manufacture, storage, handling, and testing are 
for maximum missile reliability. 

Missile ships are equipped to receive re- 
placement missiles both ^ile in port and iwhile 
under way. Transfer at sea is usually con- 
ducted by use of the burtoning method. Some of 
the newest ships use the FAST (Fast Automatic 
Shuttle Transfer) system. Both the supply ship 
and the receiving ship must have the equipment. 
The FAST system compensates for roll, pitch, 
and station alignment. It increases the missile 
transfer speed, and is able to handle the largest 
missiles expeditiously and safely. It is planned 
to equip all anununition supply ships (AEs) with 
the FAST system. 

NAVY TACTICAL DATA SYSTEM (NTDS) 

The Navy Tactical Data System (NTDS) was 
planned to provide more accurate target infor- 
mation to a task group. Six ships are now 
equipped with NTDS; current plans call for all 
major UJ3. warships to be fitted with it. Future 
plans may extend it to smaller ships. It is a 
system for automatically and rapidly dissemi- 
nating among all the NTDS-equipped ships in 
the data-gathering area such information as air- 
craft early warning; positions and identities of 
all aircraft, surfiice ships, and sid)marines;and 
conmiand decisions. 

Own ship target data gathered by search 
radars and the fire control system are stored 
and processed at high speed by one or more 
digital computers and displayed on a target 
evaluation and weapon assignment console. The 
processed data are transmitted to all the other 
NTDS-equipped ships in ihe area. Targets 
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detected by a screening ship, for example, are 
automatically transmitted and displayed on other 
ships' consoles, with provision for target sorting 
to avoid duplication. 

The existing NTDS network is basically a 
surface operation, with airborne data link, but 
it does not now include a direct tie-in with 
submarines. 

NTDS eqpiipment includes up to four Univac 
USQ-20 stored-program general-purpose digital 
computers aboard each ship; CVA's carry four; 
DLG's carry two. Each ship also carries from 
four to 25 displays which are direct-view cathode 
ray tubes (CRT's) and are used for on-line 
digital computer information from the computers 
and for radar-derived data. 

In excercises with NTDS aboard carriers, the 
system was able to handle any number of tar- 
gets, beyond the saturation point of conventional 
CIC equipment. In simulated raids with large 
numbers of aircraft, NTDS could track all the 
targets. 

. The airborne portion of NTDS is carried 
aboard E2A aircraft. Some success has been 
achieved with it in over-water flights but tech- 
nical problems remain in developing a radar 
that can pick out moving targets over a land 
mass baclqground (clutter and other radar inter- 
ference). 



SUBMARINE MISSILE SYSTEMS 
GENERAL 

Undoubtedly, the most feared and respected 
retaliatory weapon in our present arsenal is 
the powerful and deadly accurate Polaris mis- 
sile as carried by our nuclear-powered ballis- 
tic submarines (SSBNs). Another submarine 
missile system being developed for defense 
against enemy submarines is nearing opera- 
tional status. This system, Subroc, will even- 
tually be installed in most of our submarines, 
both conventional and nuclear-powered types. 

Polaris and Subroc were briefly described 
in chapter 1. In this chapter we will, within 
the limitations imposed by classification, give 
you a fuller look at each of them. 



MAKEUP OF A SUBMARINE 
MISSILE SYSTEM 



Four major subsystems make up the guided 
missile submarine system. These are: the 



missile; missile guidance equipment; the sub- 
marine; and missile stowage and launching 
systems. 

To ensure a successful flight of our first 
subsystem, the missile itself, a reliable guid- 
ance system must be employed. The principles 
of the various missile guidance system were 
explained earlier in this book. The type of 
guidance used depends on such things as desired 
accuracy, cost, simplicity, reliabUity, and prob- 
able countermeasures. Guidance selection, al- 
though it has a direct bearing on the design 
and operation of the missile system, is beyond 
the scope of this chapter. This chapter will 
deal primarUy with the fundamentals of the 
submarine missile system that are common 
to all guidance techniques. 

The third subsystem, the submarine itself, 
provides a launching platforni, basic services, 
fuel, and other logistic support functions. Also 
included on the submarine are a navigational 
system, and missile fire control equipment. 

The launching of missiles toward targets 
miles away can be compared to a very long- 
range gunfire prbblem. The submarine will 
usually have no direct observation of the tar- 
get, or of a known geographical reference. 
But the position of the guiding craft must be 
fixed with extreme accuracy. Location, head- 
ing, ground speed, and other reference data, 
all have an effect on the CEP (Circular Prob- 
able Error) of the missile. 

The SINS system (ships inertial navigation 
system) is presenUy the most sophisticated 
of the navigational systems now installed on 
missile submarines. The heart of SINS is an 
inertial guidance package based on the prin- 
ciples of inertial guidance explained in pre- 
ceding chapters. Included within SINS are 
numerous gjrros and accelerometers ?Aiose 
function it is to generate the submariners 
position and speed, and to establish true north 
and a vertical reference. SDJS, then, acts like 
a dead reckoning computer/analyzer whose 
function it is to provide continuous and ex- 
tremely accurate navigational and reference 
data. It also has the ability to weigh, analyze, 
and make corrections to its dead reckoning 
solution based on optical and electronic navi- 
gational iiq)ut9.. 

In addition to the navigational systeih, a fire 
control system is included on the submarine. 
The function of the fire control system is to 
transfer reference information to the missile. 
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and to control and monitor the missile during 
preflight checks. 

The last subsystem to be ccmsidered is for 
MISSILE STOWAGE AND LAUNCHING. Figure 
11-13 sketches the interior of a Polaris sub- 
n^rine and shows arrangement of the missiles. 
The handling equipments and launcher com- 
ponents are in the same area* 

THE UNDERWATER PROBLEM 

Target Considerations 

Because of the high imit value of submarine- 
launched UGM and UUM missiles, certain fac- 
tors must be considered, such as the im- 
portance of the target to the enemy, and target 



nature, vulnerability, size, and location. With 
strategic targets, these factors are evaluated 
well in advance of the mission. Tactical targets 
require faster military decisions. Both plan<- 
ning estimates, however, are usually accomp- 
lidied on a much higher planning level than the 
launching ship. 

Flight Planning 

In addition to the target considerations, 
additional planning must be given to the fli^^t 
plan of the missile. Thus, whereas the missile 
would be most likely to remain imdetected at 
very low altitudes, the range to the target may 
prohibit such employment. Intelligence and the 
immediate tactical situaticxi also play an im- 
portant part in missile flight planning. 



ENGINE 



ROOM 



TUNNEL 



MISSILE 
COMPARTMENT 

MISSILE 
CONTROL 
CENTER 



OFFICERS* WARDROOM 
CPO QUARTERS 

I 



NAVIGATION CENTER 
CONTROL ROOM 
ATTACK CENTER 



CREWb QUARTERS 

TORPEDO ROOM 



REACTOR 
COMBf^MENT 

AUXILIARY 
MACHINERY 
SPACE 




CREWS MESS 



CREWb 
W(^SHR0OM 



CHEik 
QUARTERS 



71.1 



Figure 11-13.— SSB diass submarine. 

. .'266 



1 ^. •M'^ 



Chapter ll-GUIDED MISSILE SHIPS AND SYSTEMS 



POLARIS MISSILE SYSTEM 

The i>olarl8 (UGM) is a 2.stage surface- 
to-surface or underwater-to-surfoce inertiaUy 
guided ballistic missile with an approximate 
range of 2500 nautical miles (Polaris A3). The 
earlier Al and A2 Polaris missiles had some- 
>K«iat lesser ranges. The Polaris is designed to 
be launched from a submarine cruising on or 
below the surface. The two powerful, solid- 
propellant rocket motors are capable of lifting 
the warhead high above the range of any known 
anti-missile missile at a speed exceeding ten 
times that of sound, and placing it into a free- 
fall trajectory ^ich will carry it to its target 
with deadly accuracy. The warhead of the 
Polaris is a compact and powerful nuclear 
device. The explosive power is one shipload 
of sixteen missiles exceeds the total amount of 
explosive power expended by all of the par- 
ticipating countries in World War II, INCLUD- 
ING the two atomic bombs dropped on Japan. 

In a submerged launch, ignition of the first 
stage rocket takes place shortly after the missile 
breaks the surface of the sea (fig. 11-14). This 
is the beginning of powered flight and the inertial 
guidance portion of the trajectory. The first 
stage propels the missUe far into the at- 
mosphere. The first stage then separates and 



the seccxid stage rocket motor continues to pro- 
pel the missile to a point above the earth^s 
atmosphere. When the missile has reached the 
proper velocity and point on the trajectory, the 
reentry subsystem separates and the warhead 
follows a ballistic trajectory to the target. 
The time of reentry subsystem separation de- 
termines the range which the missile warhead 
will span. Polaris range can be varied in this 
way from about 575 to about 2500 nautical miles. 

Since there are no external control surfaces 
on Polaris, changes in the trajectory are ac- 
complished by denecting the jet stream from 
its motors. A pre-computed ideal trajectory 
is preset into the missile. The preset in- 
formation takes into account the movements of 
the target, the launching point, and the missile 
with respect to inertial space during the time 
of flight. The warhead release velocity which 
the missile must attain along its trajectory on 
the basis of a fixed time of flight is also preset. 
The launching submarine accurately determines 
its launching position by use of an inertial 
navigatiai system, and the position of the target 
on the earth's surface is determined by reliable 
charts. While in the power stage of flight, the 
missile continuously measures its linear ac- 
celerationa on the basis of its inertial system 
and alters its trajectory to offset the outside 
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forces causing unwanted acceleratiCMiSt When 
the missile is on a proper trajectory and a cor- 
rect velocity has been attained^ the wartiead is 
released and proceeds on toward the target with 
no further correction possible. 

The warhead dives on its target at a steep 
angle and at several times the speed of sound. 
The materials for the outer surfoce of the 
warhead have been specially developed to resist 
the high temperatures generated by friction with 
the atmosphere at reentry speeds^ and suitable 
insulation is provided betwem the outer skin and 
the internal components to prevent damage to 
the warhead. 

The SSBNs from which the Polaris is fired 
provide a mobile launching platform which is ex- 
tremely difficult to detect. It can remain siib- 
merged for very long periods of time and cruise 
to most any position within the oceans of the 
world. Byuseof itsinertialnavigaticxisystem^ 
it can provide the precise fire control data 
required to place Polaris right on target. 



SUBROC MISSILE SYSTEM 



Subroc (UUM) is an underwater-to -air-to- 
underwater missile designed to destroy enemy 
submarines at long range. The missile consists 
essentially of a depth bond) and a rocket motor 
Joined together. Either a nuclear or a conven- 
tional depth bond) warhead can be employed. 
The launching submarine carries the equip- 
ment for detectii« and tracldng the enemy sub- 
marine, the fire control equipment for comput- 
ing the target informaticxi and providing the 
necessary pre-laimch missile Informationi and 
ttie equipment for launching the missile. The 
missile is designed to be laimched (fig. 11-15) 
from a standard submarine torpedo tube using 
conventional ejection methods. Upon being 
launched^ the rocket motor is ignited at a safe 
distance from the firing ship. The missile's 
flight through the air is ccxitrolled by aninertial 
guidance system which functions in accordance 
with the fire control information set in prior 
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to launch. In addition to providing the propul- 
sive force for the missUe, the rocket motor fur- 
nishes power for controUing the thrust vector- 
ing mechanism during the boost phase, and the 
thrust reversal necessary to accomplish rocket 
motor separation. At the proper point in its 
trajectory, the rocket motor separates and the 
missUe continues in a free-fitU flight. At the 
time of separation, the control of the missile is 
switched from the thrust vectoring mechanism 
to aerofins. During the ballistic portion of the 
flight, the aerofins control the missile in roll 
and azimuth. Pitch guidance is initiated at. 
or near, the zenith of the trajectory to direct 
the missile to the desired point of impact on the 
water surface. Guidance is terminated at a 
predetermined height above the water, and the 
aerofins are locked in the zero position to 
provide for proper underwater travel. At 
water impact, a timer mechanism starts and 
causes the warhead to detonate at the proper 
time. . 

More detailed information on both Subroc 
and Polaris can be found in the appropriate 
classified publications. 

AIRCRAFT MISSILE SYSTEMS 
GENERAL 

There are two broad classifications of air- 
craft missile systems: air-to-air and air-to- 
ground. The Sidewinder and Sparrow fkmUies 
are examples of AIM systems. Bullpup is an 
example of a Navy AGM system. Figures 11-16 
and 11-17 are pictures of the Sparrow, Side- 
winder, and Bullpup missiles on appropriated 
configured aircraft. ff f « «iy 

The Sparrow family is a typical aircraft 
missile system. The student will recall that 
fliere are three major missiles in the Sparrow 
JamUy. Sparrow H will not become operational 
in the U. S. Navy. Sparrow m, whUe in maoy 
respects greatly different from Sparrow I, has 
ttie same general characteristics sudi as length 
weight, and configuration. 

THE AIRCRAFT (SPARROW) 
MISSILE SYSTEM 

There are four major subsystems that can 
be considered to make up the sparrow missUe 
system: These are: 

1. the missile, 

2. the aircraft carrier, (or land base). 



3. the aircraft, and 

4. the missile guidance equipment. 

The Sparrow I missile is a beam rider. It 
includes a warhead, an influence fuze, a guidance 
and control section, power supplies, and a rocket 
motor. Sparrow I was the nation's first air-to- 
air guided missUe, and is much less sophisti- 
cated in guidance principles than its more recent 
sister, the Sparrow HI. Sparrow I is an opticaUy 
sighted beam rider, whUe Sparrow lU is fUUy 
radar operated. Both missUes fulfUl the design 
requisite of having ahifi^single-shotpr6babUity 
of kiU and a range longer than can be achieved 
with conventional AA guns. Up to four Sparrow 
missUes are carried on appropriately con- 
figured aircraft. MissUe aircraft can also 
carry mixed loads of Sparrow and Sidewinder 
missUes (fig. 11-16). 

Additional data concerning specific airborne 
missUes is contained in chapter 1, and in ttie 
confidential course supplomenting this text. 

The AIRCRAFT CARRIER (or land base) 
is needed to provide operational and logistic 
support for the missUe and missUe aircraft. 
Test equipment, training focUities, and pro- 
visions for handling and stowage are included 
on the mobUe base. AddiUonally, as integral 
parts of ttie system, are the fighter director 
faculties which must direct the missUe aircraft 
to the vicinity of the target. Maintenance of ttie 
missUe is on a "Go-No-Go" basis, as is the 
practice witti many ottier operational missUes. 
That is, missUes which do not pass surveU- 
lance or prefiight tests are rejected, and de- 
fective sections are returned to centralized 
maintenance tocUities for repair or overhaul. 
This system speeds up acceptance testii«, and 
eliminates the widespread need for extensive 
maintenance faculties. 

The missUe AIRCRAFT is of course ttie de- 
livery vehicle. Aircraft configured to carry 
and launch radar-guided missUes must carry 
extensive electronic equipment for missUe guid- 
ance. Other equipment to aid in target ac- 
quisition, and to fUrnish "course-to-steer" 
and "in-range" information, may also be in- 
cluded on ttie aircraft as part of ttie missUe 
system. 

The last sidbsystem is that of the BOSSILE 
GUIDANCE EQUIPMENT. The principal func- 
tion of this equipment is to determine the dis- 
placement of ttie miflsUe from the tnckii« radar 
beam, and to send the necessary control informa- 
tion to the missUe so that the missUe wUl fiy the 
beam. 
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Figure 11-16.-A4D Skyhawk with Sparrow and Sidewinder missUes. 




Chapter 11— GUIDED MISSILE SHIPS AND SYSTEMS 



THE AIR-TO-AIR MISSILE PROBLEM 

To Illustrate the AIM missile prbblem, let 
us take the classic example of an aircraft car- 
rier providing air cover for a task force at 
sea. Our missile aircraft will be alerted to 
the presence of enemy aircraft by the force 
fighter director organization. The missile 
aircraft will be vectored to the general vicinity 
of the enemy, y/here it will be in a position to 
acquire the target. For the mission to be ftiUy 
successful, the attackers must be intercepted 
and destroyed before they are in position to 
delivery an attack with their weapons. Upon 
acquiring the target, a prqper pursuit course 
is then followed until firing range is reached. 
When within range, the missile is fired and is 
captured by the guidance radar beam. The mis- 
sile then follows the guidance beam until within 
destructive range of the target, where an in- 
fluence fUze will detonate the warhead. The above 
description is of the basic AIMbeam-rider sys- 



tem. The more sophisticated the missile system 
becomes, the more automatic the various steps 
become. The earliest AIM missiles required 
visual contact and mental computations, whereas 
the latest systems perform most of the steps 
automatically, 
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I^ART II. - NUCLFAR WEAPONS 
CHAPTER 12 

FUNDAMENTALS OF NUCLEAt PHYSICS 



INTRODUCTION 

There are some entirely new tucbrolofc'ical 
principles involved in nuclear weapons, as com- 
pared with conveotional weapons. In^ecaseof 
conventional eaqplosives, enoigy is released 
through diemlcal reactions; Ue., rearrange- 
ment of the atoms of ttie explosive substance. 
In ttie nuclear explosion, energy is prodai^ed as 
a result of the formation of different atomic 
nuclei, by the redistribution of the protons and 
neutrons taiside the atom itself. What is com- 
monly referred to as atomic energy is really 
nuclear energy, since it results from nuclear 
interactions. For this reason atomic weapons 
are now preferably called nuclear weapons. 

SCOPE 

This chapter wlU cover those aspects of 
physics that pertain to Ihe structure of the 
atom, the nature of its compment parts, and 
ttie predictable bdiavior of the several atomic 
components. It will also cover very briefly 
the means man has developed, or is now de- 
velopii«, for ttie liberation of ttie energy avail- 
able inside the nucleus of ttie atom. 

Wittdn ttie limits allowed by security re- 
strictions, sid>sequent chapters will trace the 
uses of nuclear energy in naval weapons. 

ATOlfflC RESEARCH PRECEDING 
THE BOMB 

By 1939, a nundber of scientists had ttieo- 
rized that an atomic bond) for military uses 
was a possibility. Nuclear reactions had been 
studied extensivdy during ttie previous ten 
years. These studies had been ddne on only a 
small scale because of the scarcity of radio- 
active materials. 

By 1940, it was discovered Oat tturee radio- 
active elements*-uranium, ttiorlum, and 



protactinium— were sometimes split into two 
aporoxf niately equal parts when bombarded by 
ntjutrons, but ttiat oxHj uranium 235 could be 
split or fissioned by slow (thermal) neutrons. 
It was also discovered ttiat duz ing this process 
from 1 to 3 more neutrons were released, 
inaUng the multiplying chain reaction a distinct 
possibility. 

In 1942 a special government project, called 
the Iflanhattan Engineer District, was established 
in ttie Army Corps of Engineers. Scientists 
from various universities vrurking on this proj- 
ect gathered at ttie University of Chicago to 
buUd a self-sustaining chahi-reacting pile to 
determine for sure if an atomic bomb was 
feasible. 

The pile was constructed on a lattice prin- 
ciple, with graphite bricks as a moderator to 
slow the neutrons, and rrith uranium placed 
at intervals as the reacting material. Re- 
cording instruments at various points inside 
and outside the pile gave an indication of neu- 
tron hitoisity. Iflbvable rods of neutron ab- 
sorbing material were placed at intervals in- 
side the pile during construction for safety and 
control. It was fortunate these strips were used 
in this manner, as the pile reached a criUcal 
condition at a much earlier stuge of construc- 
tion than was anticipated. On December 2, 
1942, all was in readiness to find out if the 
prerious predictions were true. AU but one 
control rod was removed trom ttie pile; thenthe 
last rod was slowly removed. The predictions 
proved to be correct; the pile was maintaintaig 
a nuclear chain reaction. 

Much work was done in the following three 
years; and in 1945, ttiis work produced, on the 
floor of the New Mexico deseri, the first ex- 
plosion of an atom bomb. A few weeks later 
two bombs were dropped over Japan, ending the 
war and beginning a new era in warfwi^. 

As every reader of ttiis text is undoubtedly 
aware, ttie military and industrial uses of atomic 
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energy have become a major concern of the 
United States, its aUles, and its potential 
enemies. Much military thinking has been 
revised, and much more is in the process of 
revisioi. Regardless of his specialty, no 
military man can afford to ignore the atom. 
These chapters are intended to prepare pros- 
pective naval officers for fturther study of this 
subject. 

OBJECTIVES 

This chapter will take up, first, the nature 
of matter. It will begin with the definitions of 
the component parts of the atoms that make up 
matter. The interpretation of atomic structure 
wiU be covered, although the major emphasis 
will be on the atom and its component particles. 

The second major division of the chapter will 
deal withradioacUvity. This natural phenomenon 
gave the scientists some of their most signifi- 
cant clues in learning the nature of the atom. 
Because of its bearing on health and safety, 
radioactivity has become a primary concern 
for industrialists, community leaders, and the 
officers and men of the Armed Forces. 

The last part of the chapter will be con- 
cerned with nuclear reactions. These re- 
actions are the real source of the power that 
is commonly called nuclear energy. 



THE NATURE OF MATTER 
DEFINITIONS 

Man has long wondered about the nature of 
matter. With the advent of better scientific 
methods, man has discovered the natural ele- 
ments that make up all matter in nature. 

COMPOUNDS-Under certain conditions, two 
or more elements can be combined, chemically 
to form what is called a compound. The resulth« 
susbstance may differ widely from any of its 
component elements. For example, water is 
formed from two gases, hydrogen and oxygen, 
chemically conabined. 

Whenever a compound is formed, two or 
more atoms of the conabinhig elements jota 
chemically into what is called a molecule. A 
molecule is the smallest unit that shares the 
chemical characteristics of a compound. Water 
in this instance consists of one atom of oxygen 
and two atoms o* hydrogen. 
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ELEMENTS-Each element has its own char- 
acteristics and its own characteristic atoms. 
An element is a substance which cannot be 
separated into simpler susbtances by ordinary 
chemical means. There are 92 natural elements 
rangtag from hydrogen, the lightest, to urantam, 
the heaviest. Several others have been pro- 
**"c®Jaft*flc*ally, one of these being plutonium. 

ATOMS— An atom is the smallest unit of an 
element that possesses the chemical character- 
istics of that element. Scientists have broken 
the atom down to three fundamental particles 
called electrons, protons, and neutrons. 

NUCLEUS-Protons and neutrons make up 
the central part of the atom; electrons move in 
orbits around this central core. This central 
core of the atom is called the nucleus. Most 
of the weight of the atom is in the nucleus. 

ATOMC WEIGHT-Stace the atom is very 
small, it is difficult to state the mass of an 
atom because the common units of mass are 
too large. For this purpose a new unit was 
defined: the atomic mass unit (amu). Chem- 
ists found that the ajqfgea atom is approximately 
16 times as heavy as the hydrogen atom. There- 
fore, oxygen was assigned the arbitrary figure 
of 16.00000 atomic mass units. The masses of 
other atoms were then determined by comparii« 
them to oxygen 16. For example, uranium 235 
was assigned the figure 235.11750 atomic mass 
units. 

Stace one amu is defined as 1/16 the mass 
of the oxygen atom, the mass in grams cor- 
responding to one atomic mass unit is ap- 
proximately 1.66 X 10-24 grams. 

The most convenient unit for describhig 
the energy of atomic or nuclear systems is the 
dectron volt, abbreviated ev. One ev is the 
energy which an electrai will pick up in ac- 
celerating ttiroug^ an electric field of one volt 
potential. One ev is equal to 1.6 x 10-« ergs. 
The unit Mev (million electron volts) is also 
used. Shice orc Mev = 1.6 x 10-6 ergs, one 
amu (1.66 x 10-24 grams), converted to energy 
in accordance with the formula E = mc2 would 
correspond to 031 Mev. 

Atomic Table 

Figure 12-1 is a standard table of the ele- 
ments called, the periodic table. The atoms are 
grouped accordhig to the number of electrons hi 
Oieir outer sheUs. When successive elements 
are buUt up by the addiUon of outer electrons, 
there are ikirly sharp changes hi chemical 
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Figure 12- la-Periodic table of the elements. 




properties from element to element. (But in 
the rare earth series at ^e bottom of the 
table, this is not true. Thisse successive ele- 
ments are built up by the addition of electrons 
in the inner sheills.) 

ATOMIC STRUCTURE 



Tlie Nucleus and Electrpiu^ 

The atom is conqi)osed of apositiveiy^^ 
- central mass csOGLckI ttie^^N^ 
is mkde 

Around(the:iw 
Jt; 



reasonably suppose that the atoms of which 
matter is composed are electrically neutral; 
that is, they contain no net charge. Atoms 
normally contain exactly as many electrons 
moving in shells around the nucleus as there 
are protoniB in the n^^^ Neutrons, having 
n6 charge, do not affect the chemical nature of 
le atom. . It is the number of protons in the 
acleus ti^ 

atom b^^^^ aneexample, hydrogen 

^has one pr^ electron. Helium 

has two pro^hs and two electrons, increasing 
ir each hi^vier atom, until we come to the last 
atujral (^^ihentf uran^ has 92 protons 

' ;92''elect?^^ 

SlectrwiSh^S;'"^^^^ 







Chapter 12-PUNDAMBNTALS OF NUCLEAR PHYSICS 



iwhich foUow definite lawa. Figure 12-2 shows 
an atom of oxygea with 8 protons, 8 neutrons, 
and 8 electrons. Two of these electrons are in 
the shell next to the nucleus. No more than two 
elections may be present in this shell, no matter 
what atom is under consideration. If a nucleus 
has more than two protons, electrons in excess 
of two lie in shells outside the first one. These 
shells are normally designated by capital let- 
ters, ttie first one being K, the second, K, the 
third, Bf, etc. 

Chemical Implications 

The electron structure of an atom determines 
its chemical properties. So far we have dis- 
cussed the K sheU. To fill the L shell, 8 elec- 
trons are required. Look again at figure 12-2. 
The oxygen atom has 8 protons, 8 neutrons, 
and 8 electrons. Two of these electrons are 
in the K shell. This leaves 6 in the L shell 
whidi can hold 8i In order to fiU the L shdi 
and make it complete, two more electrons are 
needed. Foi^ this reason th^ oxygen atom 
conibines readily with two hydrogen atoms to 
form a chemida compound-water. (See figure 



3«r «*»eUs completely 

filled will not unite to form a molecule; for this 
reason some elements cannot be combined chem- 
ically. 

We have stated that the chemical properties 
or an atom are determined by the electrons. 
The chemical identity of an atom is determined 
by the number of protons, or positive charges, 
in its nucleus. Hydrogen is hydrogen because 
its nucleus 'contains one proton; uranium is 
uranium because its nucleus contains 92 protons. 

Electrical Implications 

Because electrons are very small, and move 
in orbits at relatively great distances from the 
nucleus, an atom is mostly gn^ty space (fig. 
12-4). An atom is about 10-8 cm in diameter. 
(This figure refers to the diameter of the outer 
electron orbits.) A nucleus is about 10*12 cm 
in diameter. 

Since the electron is so fiir from the nucleus, 
an atom can lose an oiiter electron under cer- 
tain conditions. These free or stray electrons, 
having a negative charge, usually seek an atom 
with a vacant space In its outer shell. 
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THE TWO HYDROGEN ELECTRONS 
FILL THE TWO VACANCIES IN 
THE OXYGEN SHELL 



HYDROGEN 
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Figure 12-3.— A molecule is formed by a 
union of outer shells. 



shells around the nucleus. This number is the 
ATOMIC NUMBER, or SYMBOL Z. The next 
characteristic is the number of NUCLEONS 
(sum of protons and neutrons) in the nucleus; 
this is caUed the ATOMIC MASS NUMBER, or 
SYMBOL A. The standard notation takes the 
following form: with X representing the 
symbol of the element to which the atombelongSi 
Z the atomic number, and A the atomic mass 
mimber. Using this notation, aiqr atom can be 
easily described. For example, 92235 is an 
atom with 92 protons (symbol U for uranium), 
92 electrons in shells around the nucleus, and 
a total of 235 nucleons in the nucleus. Since 
92 of the nucleons are protons, this leaves 143 
neutrons in this particular atom. 

ISOTOPES 

Isotopes are defined as atoms of the same ele- 
ment, but differmt atomic mass numbers. Hy- 
drogen has three isotopes. The most abundant 
isotope of hydrogen has one proton and no 



When an atom loses or gains an electron, 
the electrical balance of the atom is changed. It 
is said to be IONIZED. When an atom loses an 
electron it becomes a POSITIVE ION. When it 
gains an electron it becomes a NEGATIVE ION. 
The product of an ion^Uig eyent Js usually^ a^ 
ion pair of eqpial imd pppbsite charge. 

Ionization does not alter the nucleus, and 
therefore does ncrt change one element to an- 
other. As soon as conditions permit, an ionized 
particle reverts to its bi^^ced or electrically 
neutral stafe. 

Throu^ excitation an electron can Jump 
from one shell to ttie next. In this process a 
small amount of dectrdmagnetic. energy is 
given oft; this energy is called a PHOTON. 



NUCLEAR S[YMBOLS 
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neutron, as shown in figure 12^2. Another iso- 
tope of hydrogen, caUed deuterium, has one 
proton and one neutron. The third isotope, 
tritium, has one proton and two neutrons. (See 
figure 12-5;) 

Another term which is sometimes important, 
and which you should not conftise with the iso- 
tope, is the isobar. Is6bars are defined as 
different elements with the same atomic mass 
number, for example, tritium and helium 3, 
which are shown as: and 2He3. 

Isotopes will be mentioned frequently in 
later parts of this chapter and book. 

OTHER NUCLEAR PARTICLES 

Scientists found in certain luranium salts a 
curious phenomenon that caused exposure of 
photographic plates, although the plates had 
been shielded from light. This phenomenon 
was called RADIATION, and it emanated from 
the nucleus. Later, work was done using 
electric and magnetic fields to deflect this 
radiation. In this way three basic types of 
radiation were separated and identified (fig. 
12-6). One type could not be deflected by a 
magnetic or electric field. This was called 
gamma radiation. Another type was deflected 
slightly and appeared to be positively charged; 
this was called alpha radiation. And still an- 
other type appeared negative in charge, with a 
ftirther deflection. This type was called beta 
radiation. Under some conditions an excited 
nucleus emits another particle ofthe same mass 
as ah electron, but with a positive charge; this 
is a positron. Rememberthat all of these radia- 
tions originate in the nucleus of the atom. 



These different types of radiation are emitted 
because the unstable nuclei are trying to reach 
stability. These nuclei can attempt to reach 
stabUity by emitting a beta particle, an alpha 
particle, or a gamma ray. Different types 
of nuclei will have their own characteristic 
mode of radioactive decay. Some may always 
emit alpha particles; others may emit beta, 
gamma, or other particles. 

STABILITY 

It has long been fc bwn that the more protons 
a nucleus contains, the more neutrons it must 
have, proportionately, for stabUity. If a nu- 
cleus contains relatively too few neutrons it 
will be radioactive, emitting a positron when 
it decays; If it contains too many neutrons it will 
again be radioactive, emitting this time a beta 
particle when it decays. Stable light elements 
are found to have equal nunibers of protons 
and neutrons, but the heavier elements contain 
increasing proportions of neutrons to protons. 
Thus, stable helium 4 has two protons and two 
neutrons in the nucleus; halfway up the table of 
elenients a typical nucleus— a stable isotope of 
silver— has 47 protons and 60 neutrons, a 
neutron-protron ratio of 1.28; and, at the top of 
the table, uranium 235 has 92 protons and 143 
neutrons, a neutron-proton ratio of 1.55. 

The neutron-proton ratio is important to 
StabUity because of the slight tendency of pro- 
tons to repel each other even though bound into 
a nucleus by nuclear forces . Because of their 
charge, the protons will tend to separate from 
one another. However, because of saturation 
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Figure 12-6A.-*Radiatlond6aectlon experiment, 
showing three types of radiation. 



and spin dependetace in the forces, the protons 
cannot all be on the nuclear surface . To take 
up nuclear space/ then; an excess of neutrons 
will be required, since these particles will 
experience no charge repulsion, but oidynu^ear 
forces ,; Protons on opposite sides of the 
nudeufi will in &ct experience no direct nugl^ 
force / but only an electrostatic force. How- 
ever, they are bound nuclearly to common 
intermediate intend' nuideons, an^ so the 
small electric repulsion is not sufficient to 
expel theni; W other words, since thebinding 
foirce of a mideon is greater than the electrie 
repulsive force; the nudieuis frt^ ) 

When there are^^ 
cleusj ho^everi ti^^^ 
nudiilkwihi^ 
s^ will M 
ments ^i*^ 




PHOTON 
ENERGY 
h 



INClOE 
PHOTON 




EJECTED** 

PHOTOELECTRON 



ELECTRON 



(b) 



1.02 MEV 
GAMMA PHOnnON 




(0 



>9.IIXI0'"GRAM 
,00055 AMU) 



+ I»*«9.IIXIO"'*ORAM 
(.00055 AMU) 



5.159:. 160 

Figure 12-68.— AbBorptioii of gamma rays, 
showing (a) photoelectric effect; (b) Compton 
ettect; (c) pair production. 



different atomic nundDers). In each case, the 
protmi finds it desirable to change identity, 
becoming a neutron, and kicking off its charge 
in the form Of a positive; beta particle (posi- 
tron); Therefore, /8 + radioactivity results 
\ttjam too low a neutr^-piroton ratio. In a 
Similar process, and a more common type of 
, radioactivity, a neutron may change Itself into 
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a proton and a negattve beta particle (electron), 
¥liich is ejected. This type of change results 
from the fiict that there are too many neutrons 
In the nucleus, and there is a lower energy state 
for the is(A>ar with a lower n/p ratio. There- 
fore, fi - radioactivity results from too high an 
q/p ratio. 

When a radioactive isotope contains too many 
neutrons, a neutron in the nucleus changes to a 
proton and an electron, which is ejected as a 
beta particle. The new nucleus which is formed 
has no change In atomic mass nuniber, but the 
atomic number increases by one. For an 
example: 



1^ — ^2^® beta particle + energy. 

When an alpha particle is emitted from the 
nucleus, this nucleus changes to a new nucleus 
because it loses the two protons and two neu- 
trons which make up the alpha particle. An 
example of this would be: 



02^ ~^90^ — ^ + ^P*^ particle +E 

The emission of a gamma ray does not change 
the structure of the atom since it stiUhas all of 
its protons and neutrons. Gamma decay may 
occur alone if the nucleus has more energy than 
is necessary for stabUity. More often gamma 
rays are emitted In conjunction withother prod- 
ucts, especially beta rays. 

CHEBOCAL VERSUS NUCLEAR REACTIONS 

Nuclear reactions involve atomic nuclei, 
niey are quite different from chemical re- 
actions. In chemical reactions, changes occur 
In Electron conflguntions, but the atomic nuclei 
remain the same. An explosion results from 
the very rapid release of a large amount of 
energy. When equal masses are considered, 
nuclear energy release Is of a much greater 
magnitude flian cheiAical energy. Two kinds of 
nuclear reactlpna that satisfy the conditions for 
the produetiqhv> of a large amount of energy 
In a diort time are ''fisslon^^ and fusion.^ The 
complete fisslpn of ione pouQd of fissionable 
material can produce as much' energy as 8^000 
pounds of TNT; the fusion of 'pile pound of 
fUsiohable ^matiBrlal^ w^ roughly the 

same amouhl of energy raS' ^ 126,000 pouhds of 
TNT. So you can see t^^ 



nuclear reactions is tremendously greater than 
energy release of chemical reactions. We 
have covered nuclear reactions only briefly at 
this time; they will be covered more thoroughly 
in a later section of this chapter. Their prac- 
tical importance will become evident in later 
chapters. 

RADIOACTIVITY 
PRELIMINARY 

Radioactivity can be defined as the process 
by which one or more types of radiation are 
emitted from a nucleus because the nucleus is 
unstable. Although we can predict from experi- 
ence and observation Aether a nucleus is un- 
stable, it is impossible to predict accurately 
when a particular nucleus will undergo radio- 
active decay. The rate of decay for a particular 
radioactive isotope is described statistically for 
a large number of atoms in much the same way 
that an insurance company can predict the life- 
span of an "average** man living in the United 
States, although it is impossible to predict when 
any particular individual wiU die. This use of 
a large nunlber of atoms is valid because even a 
small amount of material contains a very large 
number of atoms. 

Natural Radioactivity 

With very few exceptions, naturally radio- 
active materials will be found toward the end 
of the table of elements.; (See figure 12-1.) 
Each nucleus has its own particular rate of radio- 
active decay; it may decay within a fraction of a 
second or it may take billions of years. Some 
scientists believe that all elements prdbably go 
through the process of decay; but for some the 
process id so slow that our instruments cannot 
detect it, so we say that &ese elements are 
stable. One of the active isotopes (uranium) 
finally becomes lead through a series of radio- 
active decay, but the process takes billions of 
years. 

Induced Radioactivity 

* It is possible to change a stable element into 
a radioactive element by bombardment of its 
atoms in a nuclear reactor. AU of the existing 
elements can now be made radioactive by 
bondbardment in thismannerr Hundreds of dif- 
ferent radioactive isotopes can bp produced 
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artificially. Their use is widespread in medicine 
and industry, as well as in research. For ex- 
^mplei radioactive phosphorus is used to treat 
skin cancer; it emits beta particles, which do not 
penetrate very deeply. Radioactive iodine is 
used for the treatment of diseases of the thyroid 
because these glands have an affinity for iodine 
and attract it. 

Figure 12-7 is a diagrammatic representa- 
tion of manmade radioactivity, in this case a 
short-lived activity called TRANSMUTATION, 
or the changing of one element to another. A 
nitrogen 14 atom is bombarded by an alpha 
particle. It absorbs the alpha particle and is 
very briefly fluorine 18. The fluorine 1 8 quicldy 
emits a proton, leaving a nucleus of 8 protons 
and 9 neutrons, which is oxygen 17, a stable 
isotope. 

RADIOACTIVE SERIES DECAY 

There are three families of naturally radio- 
active elements-uranium (fig. 12- 8, the uranium 
series), thorimn, and actinixmi. Each of these 
families has a separate isotope.*^ lead as a 
final product. These isotopes disintegrate or 
decay in a definite series of steps,imtila stable 
end product is finally formed. At each step in 
this process, either an alpha or a beta particle 
is emitted from each reacting nucleus; in some 
of these processes gamma rays are emitted. 
Figure 12-8 shows the steps in the decay of 
uranium. 




•^■^ ■ V^.r.v::;.'^: ^ : 5.41 
Figure 12-7.— Artificial or induced radioactivity. 
A. BombardmiBnt of a nitrogen 14 ata^m with an 
alpl^ particle; B. The 'alpl^^ is mb- 

nientarily ia>sorbed, forndng fluorih^ One , 
^protcm feast offi leav^ 



BLEIIKNT 


SYMBOLS 


HALF LIFB 


RADIATION 


Uranium 




4.5xl0^yeara 


a 


Tliorlum 




24. 1 daya 


01 y 


ProUctlnium 




1. 14 mlnutoa 


0t 7 


Urmidum 




2.95 xio' yeara 


a 


Thorium 




8 X 10^ yoara 


a» 7 


Radium 




1612 yeara 


0, 7 


Rata 




9.025 days 


a 


Poloolom 




9. 05 mlnntoa 


a 


Ltad 




20. 0 mlnntoa 


. 0. r 


BUmuth 




19.7 mlnutoa 


01 y 


Polonium 




l,5xl0**aoc 


a 


TbaUlum 




1. 92 mlnutoa 


0 


LMd 




22. 2 yoara 


0.y 


BUmuth 




4.97daya 


0 


Polonium 
Load 




190daya 
itabU 


a 



144.62 

Figure 12-8.— Table of the uranium series 
of decay. 



Alpha Radiation 

It has already been noted that alpha radia- 
tions are positively charged and have relatively 
little penetrating power. Due to the la&rge 
positive charge of an alpha particle (+2), it has 
a strong attraction for electrons. Alpha par- 
ticles passing through a material tend to strip 
electrons from the atoms in this material. 

At first the alpha particles are traveling 
too fitst to capture electrons. But vrtiile slow- 
ing dowui or after stewing/ the alpha particle 
gains two electrons iod becomes a stable 
helium 4 atom. Although the fost alpha par- 
ticles do not capture electrons, they are able 
to strip them from atoms of the material they 
pass throuc^i so that positive ions remain in 
their path. Alpha particles are the mostheavily 
ionizing radiation found in natural radioactivity, 
and can produce as numy as 70,000 ion pairs 
in one centimeter of travel. 

Beta Radiation ^ 

You will recall: that beta radiation is char- 
acterized by a negative charge. Further analysis 
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shows that beta particles have the same charge 
and mass as electrons; thus they were identified 
as high speed electrons of very high energy* 
Beta particles also have the abUity to ionize 
atoms in material through which they pass; but 
because of the difference in size and speed, 
their ionizing abUity is approximately one 
one-hundredth that of an alpha particle. The 
beta particle travels foster than the alpha par- 
tide, and therefore is more penetrating. 

Gamma Radiation 

The loss of an alpha or beta particle some- 
times leaves a radioactive nucleus with an ex- 
cess quantity of energy, which it emits almost 
immediately as a gamma ray. This radiation 
is different from the other types in that it is 
electromagnetic in nature* Since gamma rays 
have no charge, they are unaffected by magnetic 
or electric fields (fig, 12-6)* Their ionizing 
ability is much less than that of either alpha 
or beta radiations, althoug^i they have much 
greater penetrating power* 

Because gamma rays have no charge, and 
are electromagnetic in nature, you might ex- 
pect that gamma interaction with matter would 
be impossible* This is incorrect, however, 
because gamma rays are able to interact in 
three separate ways-by the photoelectric ef- 
fect, by the Compton effect, and by pair pro- 
duction* 

PHOTOELECTRIC EFFECT.-Under certain 
conditions, a gamma ray can physically collide 
with an orbital electron. The electron is then 
ejected from theatomafterabsorbingthegamma 
ray completely (fig, 12.6B(a)), causing ioniza- 
tion. Photoelectric ionization by gamma rays is 
primarily a low energy interaction, and falls off 
rapidly with an Increase In gamma energy. The 
greatest probability of the photoelectric effect 
occurring Is In the higher Z numbered atoms 
and low energy gamma rays. The gamma rays 
emitted from the outer shells of atoms are of 
lower energy then those from the Inner shells. 

COMPTOK EFFEqT.-In this Interaction, 
only part of the gamima ray Is absorbed by the 
electron. Hie gamma ray suffers a loss of 
energy and Is scattered as It ibnlzeis the atom 
(fig. 12-6B(b). Thlseffectlsmalntalnedathlgher 
energies than the photoelectric effect, butdrops 
off rapidly in much the same manner* 

PAIR PROpuCTION.-Wheri a high-energy 
gamma ray passes hear a nucleus^ it can change 
from electromagnetic energy 



a positron (a particle with the same mass as the 
electron but with a positive charge). (See figure 
12-6B(c).) Energy-mass transformation Is 
represented by the equation E =^ mc2. The mass 
of each particle Is 0.00055 amu. One amu Is 
convertible to 931 Mev. Using E =mx931, the 
minimum energy required for pair production Is 
(2) (0*00055) (931) = 1,02 Mev. It has been found 
that energy cannot be converted to mass unless 
the nucleus Is present to conserve momentum. 
There Is another phenomenon called Inverse pair 
production, or ANNIHILATION. This occurs 
when a positron and an electron react to form two 
photons of 0.5 Mev each. 

Neutron Radiation 

The dangers from alpha, beta, and gamma 
radiation have become well known* Another type 
of radiation hazard Is presented by neutrons. 
These are usually found In dangerous numbers 
around nuclear reactors or in deposits of fis- 
sionable material. Neutrons are neutral par- 
ticles with a mass slightly greater than that of 
the proton, about one amu. Since neutrons are 
uncharged, they cannot ionize atoms by attracting 
negative or positive particles. However, neu- 
trons do cause Ionization by indirect means. 
This secondary Ionization may be produced by a 
recoil mechanism wherein a neutron collides 
with a proton (the nucleus of thehydrogenatom); 
the proton will then produce ionization as It 
moves through matter. This recoil mechanism 
Is Important because the human body Is largely 
made up of compounds containing hydrogen 
(water being the most abundant). 

Neutrons are both a cause and a result of fis- 
sion and fusion reactions. They do not travel far 
because they are either quickly captured or un- 
dergo decay, which results in the release of 
radiation. Their range of travel depends on their 
speed; there are both fast and slow neutrons. 

HALF LIFE 

The spontaneous emission of radiation from 
radioactive material Is a gradual process. It 
takes place over a period of time, at a rate de- 
pending on the natureandamountof the material. 
A usefta term for expressing the rate of radio- 
active decay Is HALF UFE* Thehalf life Is the 
time required for one-half of a given amount of a 
radioactive Isotope to decay. Again, this Is a 
statistical term based upon a very large nuniber 
-of atoms* ' As long a number of 
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atoms of a radioactive isotope, one-half of these 
atoms will decay in one half life, so that 
eventually only a small fraction of the original 
isotope remains, Ifagivennimiberofatoms of a 
particular radioactive isotope is allowed to decay 
for one half life, otdy 50% of the original isotope 
will remain. If allowed to decay for another half 
life, only 25% will remain. Likewise, during each 
additional half life of decay, one«*half of the re«- 
maining atoms will decay (fig. 12-9). 

Half life can be expressed in any convenient 
time units. Thehalflivescanbe found in suitable 
tables or nuclide charts. Some typical examples 
of half lives are: 



92 



.U 



238 



g 

alpha emitter: 4.51x10 years 



210 



84 



Po^^ alpha emitter: 138.4 days 



g^Pu^^® alpha emitter: 24,300 years 



OA 

r beta emitter: 28 years 



When a nucleus tmdergoes radioactive decay, 
it is attempting to reach a nu>r e stable state, but 
the new nucleus that is formed may also be 
radioactive. In fitct; a whole chain of radioactive 
''daughter' nuclei may be formedbefore a stable 
nucleus is finally reached. There are many 
chains of radioactive isotopes of this type. See 
figure 12-8 for the uranium series. 



Practical Application 

Rate of decay is very important when consid* 
ering safety. It is this measurable feature of 
decay that makes it possible to reoccupy areas 
that have been contaminated by radiation fix>m an 
accident or the debris firom a nuclear explosion, 
after waiting for the radiation to be reduced by 
decay. After a few days or weeks (depending on 
the type of radioactive material), too few of the 
radioactive atoms are left to do much harm. 
Some of these atoms, of course, remain radio- 
active for years. 

HALF THICKNESS 

As has already been mentioned, radioactive 
substances emit particles and rays that produce 
ionizing reactions in previously normal atoms 
or molecules. Under competent control and 
proper safeguards, radiation can be harmless, 
as when a hospital corpsman makes a chest 
X-ray. It can even be a power for good, as when 
a surgeon trained in radiology destroys cancer- 
ous cells without damaging much of thepatient's 
normal tissue. But out of control, or without 
proper safeguar ifti radiation can be ohe of the 
great hazards of our time. 

It wact previouiAy explained that alpha par- 
ticles have low^T)enetratlve power. Ordinary 
clothing, or even unbroken sUn, will prevent 
them from entering the body trom the outside. 
The only way one can suffer much ionization 
damage from alpha particles isby eating, breath- 
ing, or otherwise taking into the system, some 
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radioactive isotopes that will become lodged in 
the body and remain there through a series of 
half lives. 

Beta particles traveling in air are effective 
within about 10 feet of their source. Denser 
substances, like wood or water, limit their 
effective range to about a thousandth of its value 
in air. Normal clothing gives substantial (though 
not complete) protection against beta radiation. 

It li^ however, the gamma rays produced by 
all radloaotive decay, and the tree neutrons that 
characteHse ttuumiade nuclear reactions, that 
are grave threats to health and life. Nuclear 
power put. 4 ttiuit be shielded to protect the op- 
erators AHq otiier personnel from these radiation 
hasardi* 

Although gamma radiation is never com- 
pletely absorbed in passing through matter, 
absorption can be discussed in terms of half 
thickness* This is the thickness of a shielding 
substance necessary to cut the radiation intensity 
in half. As figure 12.10 shows, the half-thick- 
ness varies from one shielding substance to 
another. - It also varies with the type of radia- 
tion (neutron or gamnia)tfaat is under considera- 
tion. 
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RADIATION UNITS 

In order to discuss the effects of radiation 
damage quantitatively we must have a unit of 
radiation. The basic unit for the activity of a 
radioactive substance is the CURIE. This unit 
establishes the activity (that is, the decay rate) 
of radium as the standard with which the activity 
of any other substance can be compared. 

By using a formula that takes into account 
the number of atoms per gram and the value of 
half life in seconds, scientists have determined 
that the activity of radium is equal to 3.7 x 10^^ 
nuclear disintegrations per gram per second. 
Thi" Uue is then a unit of comparison. 

^ irie of any radioactive substance, there- 
fore, is the amount of that substance that will 
produce 3.7 x 10^° disintegrations per second. 
For example, it would take 6,615 pounds of 
natural uranium to produce one curie. In the 
manufacture of radioactive isotopes for medical 
and industrial purposes, the curie is too large 
a unit for convenient use. A commonly used 
submultiple of the curie is the microcurie, 
3.7 X 10^ disintegrations per second. 

At the opposite extreme, the curie is too 
small a unit for measuring the high-order 
activity produced by a nuclear explosion. For 
this purpose the megacurie (3.7 x 10^6) is used. 

Since radiation is detected by the ionization 
it produces, and since its effects on organisms 
are due to ionization, one wayto measure radia- 
tion is by the amount of charge it produces in a 
given volume or mass. For this purpose a unit 
called the roentgm is used. A roentgen is 
defined only for gamma or X-radiations. It is 
the amount of X-ray or gamma radiation re- 
quired to produce by ionization one electro- 
static unit (esu) of charge in one cubic centi- 
meter of air at standard temperature and 
pressure. 

In ttie Radiation Health Prot ection Mamiai^ 
NavMed P-SOSS, a roentgen is defined as ''That 
amount of X- ,or ganuna radiation ^ich will 
produce 2.083 x lO^ ion pairs in 1 ccof air 
under standard conditions. One roentgen of 
X- or ganuna radiation is considered to de- 
liver one IULd'f(radte^^ absorbed dose.) 

> rad is the absorption of 100 ergs/gram 
in ^tever material is under discussion. Note 
that for this wit the type of io^^^ must be 
spMifiekl.v for a distinction be- 

tween mcht^ 

Since . the , roentgen : is the^ measurement of 
X. : or gamma radiation^ w^ term for 
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alpha and beta radiations, as these particles 
also cause ionization. The proper term for 
this is the REM (roentgen equivalent mammal). 
A rem is the quantity of ionizing radiation of 
any type which, vAien absorbed by man or some 
other mammal, produces a physiological effect 
equivalent to that produced by the absorption 
of one roentgen of X- or gamma radiation. 

There is another factor iwhich is used by the 
Bureau of Medicine and Surgery to obtain a quan- 
tity \9hich equates to a common scale the 
biological effectiveness of any type of ionizing 
radiation to which an individual is exposed. This 
is the Quality Factor. 

For gamma, or beta radiation the quality 
factor is 1 

For neutrons ofunknown energy, and protons, 
the quality factor is 10, that is, a given quantity 
of neutrons would cause ten times as much 
bodily damage as the same amount' of gamma 
radiation. 

For ionizing particles heavier than protons 
the quality &ctor is 20. 

The Human Body 

The human body is made up of many different 
systems, such as the respiratory system and the 
digestive , system. These systems are further 
divided into organs, which in turn are made up 
of tissue. Although tissue may differ from organ 
to organ, there are remarkable similarities 
between tissues of different organs. All tissues 
are composed of cells. Because of differences 
in the response of various kinds of ceUla to 
radiation, the biological effect of radiation on 
different tissues will vary. Cells ^^ry from 
tissue to tissue, but they have many comnion 
features. 

Since radiation affects the cell, and 
Individuals are composed of a large number 
of cells, you should Imow something of the 
effects of radiation on cells; 

All ceUs \ with the erxceptioh of the red 
blood ceils have common comiK)n^^^ including 
the mendirahe, cytd^ 

and nucleus (Not& that ''nucleus^' is abiologi^ 
term here uhrelated to^^ l^^^ 
nucleus ' is ihe ; controllibi; cell, 
and is the' par^ mbst susce^^ 
damagb.^^^tt 
contimun^ 
cells' fUre'di^ 
' tw ' to T€^^ of 
division^ the - niiidleu^ 



sensitive to radiation; therefore the cells which 
divide the most rapidly are the most sensitive. 
You can classify cells into least sensitive and 
most sensitive types. The most sensitive are 
those of bone marrow, lymph glands, hair fol- 
licles, and skin. The least sensitive are those 
of the bones, nerves, muscles, and brain. 

All this seems somei^Aiat intricate, but it is 
necessary for a discussion of the effects of 
radiation on living matter. The effects of radia- 
tion exposure also depend on how fkstthe radia- 
tion is delivered. If it is delivered slowly, the 
body has time to repair some of the damage. For 
example 1,000 roentgens delivered in a few sec- 
onds would almost inevitably prove &tal within 
a month, but the same amount delivered \mi- 
formly over a lifetime would produce relatively 
little effect. 

UTILIZING IONIZATION PHENOMENA 

There are two terms commonly used in 
discussing ionization phenomena. They are 
dose and dose rate. Dose is the total quantity 
of radiation absorbed by an organism during a 
single radiation experience. Since the roentgen 
and the lad are concerned with the charge per 
unit of volume and the energy absorption per 
unit of mass, the part of the organism involved 
in a dose must be specified. For example, if a 
1,000-rad dose were received in the forefinger, 
the effects would be quite different from those of 
a l,OOO^rad whole body dose. 

By dose rate is meant a radiation dose per 
unit of time. This could be expressed in 
roentgens per hour (r/h), milliroentgens per 
hour (mrA)f or rem/hour. 

Radiation Detectors 

Rad^tion cannot be detected by any of the 
human senses. Instruments must be used to 
detect the presence of radiation. These instru- 
ments, called radiacs (Radioactivity Detection, 
Indication, and Computation), are used to detect 
the interaction of radiation with some tjrpe of 
matter. 

Of the many ways that a particle or photon 
of radiation can transfer energy to matter, 
the oiie that is of concern here is IONIZATION. 
Remendier that each time an ionizing event takes 
place, an ion pair is formed. This pair con- 
sists of a positively ionlz(9d atom and a tree 
elettran^ ^ 1^^ detector^ these free 

elcKStrims are collected on a positive electrode. 
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To collect the free electrons there must be an 
electric field in the detector. 

Figure 12-11 shows a basic radiac circuit 
Radiation interacts with the detector sensitive 
volume (usually a gas) and gives a pulse of 
electrons. A power supply is needed to pro- 
vide the necessary power for detector opera- 
tion. The electronic circuits shown are amp- 
lifiers, multivibrators, and other standard 
circuits. The output of the detector can be 
displayed on either a scaler or a count rate 
meter. j 

Most of the radiacs in current use are de- 
signated as beta-gamma detectors, alpha de- 
tectors, or neutron detectors. Although most 
of these instruments are designed to count 
pulses, their output indicationdependson the type 
of radiation they are designed to detect. Beta- 
ganmia instruments are calibrated in roentgens 
per hour or milliroentgens per hour. Alpha 
detectors are usually based on the number of 
radioactive disintegrations per minute that the 
material is imdergoing, or counts of disintegra- 
tion per minute that are being detected. 



NUCLEAR REACTIONS 

In a nuclear reaction there is usually a 
bombarding particle called the INCIDENT PAR- 
TICLE. When the incident particle hits a 
nucleus at rest, this nucleus is called the TAR- 
GET. If a particle is emitted in the reaction, 
this is the EJECTED particle. 

The proton, neutron, electron, positron, 
alpha particle, and gamma ray all may cause a 
nuclear reaction. , 

Neutrons^ when used as bonibarding par- 
ticles, have very little difficulty in penetrating 
into a target nucleus. Althoiigh there is a 
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positively charged electric field d^^e to the pro- 
tons already in the target nucleus, the neutron 
effectively does not "see'' this electric field 
since it has no charge of its own. V/hen the 
neutron comes within approximately 10*^^ cen- 
timeters of the nucleus, it will be subject to the 
great ccAesive (attractive) nuclear forces. 

For the proton, or any other positively 
charged particle, the above process does not 
hold. The proton, for example, will encounter 
a positively charged force field due to the pro- 
tons in the nucleus. Since the proton is posi- 
tively charged, the force field is repulsive in 
nature. The repulsive field increases verv 
rapidly until the proton gets to about 10-13 
centimeters from, the nucleus. The cohesive 
attractive forces start acting at this distance 
and overcome the repulsive forces. The pro- 
ton may then enter the nucleus. The effect is 
as if there were a "wall'' that the proton must 
penetrate. This ''waU" is caUed a BARRIER. 
The barrier ends approximately 10*^2 centi- 
meters from the center of the nucleus. 

LAWS OF MASS-ENERGY RELATIONSHIP 

You no doUbt have heard the expression 
that nothing is wasted or lost in nature. For 
himdreds of year/sr, physics classes were taught 
that matter can be changed, but not destroyed. 
Burning a piece of wood changes it to smoke, 
heat, and ashes. This is called the law of con- 
servation of matter. 

Another conventional law of physics is the 
law of conservation of energy. This law states 
that one form of energy can be converted to 
another form, but the energy is not lost or 
destroyed. 

these two laws were the basis on which all 
chemistry was built. The energy coming out of 
radicj^ctive substances such as uranium puzzled 
the ^icientists^it seemed that energy was being^ 
created. Albert Einstein worked out the an- 
swer to this puzzle by his theory of relativity. 
He showed that matter and energy are different 
forms of the same thing. Matter can be de- 
stroyed, but energy is created. Einstein de- 
clared (and proved mathematically) that mass 
and energy are exactly equivalent— mass can 
be convertjed to energy, and even: the reverse 
is true--;6iiergy can sometimes be converted to 
mass. It is the total mass-energy of the uni- 
verse ttetrenminsconi^ When an atom is 
split, some xa its^ iriasis is ; changedi^ energy, 
that is, mass is destroyed to produce energy. 
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Chemical changes, as we have learned, in- 
volve only the movement of the outermost 
electrons of atoms, and therefore relatively 
little energy is used to make a chemical 
change, freeing the electrons of one atom and 
reconibining them with the electrons of an- 
other atom. vO form a molecule. The loss 
of energy so small it cannot be measured 
with any laboratory instrument. 

The forces binding together the parts of nu- 
clei are vastly stronger than the forces bind- 
ing together the atoms of molecules. To break 
these forces requires a large amount of energy. 
It is not entirely \mder6tood what forces hold the 
neutrons and protons together in the nucleus, 
but it is called BINDING ENERGY. Electrons 
are held in place by electrical force. The 
amount of energy that appears in a chemical 
change, such as the imiting of a carbon atom 
with two oxygen atoms, is only a few electrcm 
volts. When uiimstable nucleus emits radiaticm, 
the nucleus that remains weighs slightly less 
(that is, has less mass)thantheoriglnalnucleus. 
The small amount of mass that disappears is 
transformed into the tremendous amount of 
energy represented by the blast, heat, and radia- 
tion. This is the conversion of mass into 
energy, the fundamental &ct behind the entire 
atomic energy field. 

The amoimt of energy that would be re- 
leased by the disappearance of a given amount 
of matter can be computed by applying Ein- 
stein's equation: 

E = mc* 

E is energy in ergs ' ^ 

m is mass in grams— »^ 

c is the velocity of light (3 X 10 centi- 
meters per second; when squared or multiplied 
by itself, this becomes 9 x lO^O, or 9 followed 
by 20zeros) 

We can use the positron-electrcxi annihila- 
tion process as an example (tf the conversion 
of maiss tQ energy (the form of energy is 
gamma' rays). The mass of the positron and 
electron is 9ai x 10^*8 gg^nas. The square of 
the speed of light is 9 x 1020, so ^ 

E in ergs = 2 x 9.11 x ldr^^ x 9 x 10*0 or 
E = li64 X 10^6 ergs^ 

Since the' ehernr of ganu^ is given in 
electron volts; we'^hmst convert ergs to elec- 
' trbn V()lt8| > Oh6 election volt iis equivalent to 
• i;60 x l(r'12,*rgs^ hence * - 

■ .6rfl^b2:mijvi^^-^^ '^f •;^>-,-^^-^'^-^ ; 



From this example you can readily see that 
1.02 mev of energy was created from Uie con- 
version tf 18.22 X 10-28 grams of matter 
(.00110 amu). 

BINDING ENERGY; MASS DEFECT 

The table of atomic masses showsthe proton, 
neutron, and electron to have masses of 1.00759, 
1.00899, and O.OOOSS atomic mass units, re- 
spectively. One might suppose that the mass of 
an atom could be determined by counting the 
number of neutrons, protons, and electrons, and 
simply adding the masses of these basic par- 
ticles. Let's take a common isotope of fluorine, 
gF^B, and see if this is true. This isotope has 
9 protons, 9 electrons, and 10 neutrons. 9 pro-^ 
tons would have a total mass of 9.06831, 9 
electrons would have a total mass of 0.00495, 
and 10 neutrons would have a total mass of 
10.08990. The sum of the atomic mass units 
would be 19.16316. From the table of atomic 
masses we find that the known mass of this 
isotope is 19.00445 amu. The difference be- 
tween the known mass and the sum of the 
masses is 0.15871 amu. It appears that the 
fluorine atom is missing this amount of mass. 
This is not really an error, as it would seem. 
When an atom is formed from the basic par- 
ticles, a certain amount of mass disappears 
and changes to energy, which is released in 
accordance with Einstein's E = mc^. The 
mass that is lost ip called the MASS DEFECT. 
Every different atom has a different mass de- 
fect. The energy that is released vAien the 
atom is formed is called TOTAL BINDING 
ENERGY. Conversely, this total binding energy 
is ^9itisA is necessary to break an atom into its 
fundamental parts: protons, neutrons, and 
electrons. 

The binding energy of an atom can be de- 
termined from the formula E = M x 931, in 
iKAiich E is the energy in millions of electron 
volts (Mev), M is the lost mass^(mass defect) 
in atomic mass units, (amu), and 931 is the 
constant. This formula is ' derived from 
E = mc<^. It can be usiBd to rVatermine energy 
release ixAlenever mass disappears, as, for 
example, in the isotope of fluorine discussed 
above. The total binding energy would be 
0.15871 X 931 = 147.75901 Mev, or approxl- 
mately 147.8 Mev. 

Ah important fiictor in considering the sta- 
bility of a nucleus is the average binding energy 
per iiucleoh. This is simp^^ total binding 
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energy divided by the number of nucleons in the 
nucleus. The binding energy per nucleon in 
the above example wnild be: 147.8/19 = 7.8 
Mev per nucleon. This means it would take 
approximately 7.8 Mev to remove a proton or 
neutron from this atom. 

Although total binding energy is larger for 
larger nuclei, binding energy per nucleon varies 
as shown in figure 12*12. 

Because of the strong nuclear bonds in the 
nucleus, those with the highest binding energies 
per nucleon are the most stable and the least 
likely to imdergo FISSION, the process of split- 
ting a necleus into two lighter nuclei, or FUSION, 
the process of combining two light nuclei into 
a larger nucleus. 

NUCLEAR FISSION 

PIONEER. STAGES. During the late lOSCs 
scientists were conducting several types of 
^'atom-smashing^' experiments. One of these 
e3q)eriments involved the use of the neutrons 
from the deuterium (heavy hydrogen) atom as 
high-velocity bullets to bonibard small quan- 
tities of uranium. This experiment produced 
a result , that even the specialists were reluc- 
tant to believe until all other possible expla- 
nations had been tried and discounted. Some 
of the uranium atoms had been split into almost 
equal parts, to form new atoms of barium and 
kyrpton. 
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Figure 12-12.-Binding energy per 
. nucleon chart; V ; 



The physicists could explain this phenom- 
enon in only one way. The heavy uranium 
nucleus taxes its binding energy almost to the 
breaking point, much as an oversize dewdrop 
taxes its surface tension. If all conditions are 
fovorable, a slight, sudden stab against the 
dewdrop, or the impact of a single neutron 
against the uranium nucleus, suffices to split 
either into two nearly equal parts. 

The startling experiment was repeated a 
number of times, and the energy liberated by 
the reaction was carefully measured. The 
energy per atom proved to be about 5,000,000 
times that of burning coal. Here, then, was a 
discovery that might have tremendous practical 
importance, provided the fission reaction could 
be sustained and controlled. 

FISSIONABLE MATERIALS. An intensive 
search for fissionable materials revealed three 
substances with practical possibilities as nu- 
clear ''fuel." They are as follows: 

1/235, ^ uranium isotope constituting 0.7% 
of natural uranium, 

Pu , an artifical isotope of an element 
Plutonium that is itself (for allprac- 
233 ^^^^ purposes) man-made, . 

U , an artificial isotope of uranium, de- 
rived in a reaction involving thor- 
ium. 

NEUTRON PRODUCTION. V Free neutrons 
are the major tools of the nuclear physicist. 
They have the proper size and weight to invade 
the atomic nucleus, and their electrically neu- 
tral character keeps them from being repelled 
by the protons. For large-scale nuclear fis- 
sion operations, man needs an abundant supply 
of neutrons. . 

For laboratory purposes, the physicist can 
bombard the atoms of a light element (boron or 
beryllium, for example) with alpha particles 
or gamma rays from certain radioactive iso- 
tqpes, or witti charged.particles from a cyclo- 
tron or other accelerator. All these methods 
result in neutron emission. 

In the practical production of radioactive 
materials, he secures free neutrons by the 
nuclear reactions themselves. Studies of radio- 
active series decay have shown that some 
fissions resiUt iH^^^ J^^^ of at least one 

neutron. > Under proper control, the free neu- 
trons can be put to^^^^^^ " 

CONTROLLING THE NEUTRON.-Ih any nu- 
clear reactidii except a planned explosion, both 
the production, rate a^ the speed rate of free 
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neutrons must be kept under control. This 
is an essential safety precaution. 

When emitted from their atoms, some neu- 
trons travel fast— at about 1/20 the speed of 
light. For some purposes, such as the split«- 
tlng of the heav)' but firmly bound nuclide like 
U238y the high kinetic energy of f^st neutrons 
is required. In other nuclear processes- 
including the fissionine of unstable heavy nu- 
clides such as U233^ u235^ and Pu239^a much 
lower neutron speed is desirable; fast neutrons 
would simply pass through these nuclides, ex- 
citing them but foiling to produce fission. 

By control methods that will be mentioned 
shortly, it is possible to decrease the speed of 
neutrons to about 1/10,000 of the maximum 
possible value. At this low speed, the kinetic 
energy of the neutrons is about equal to that of 
a gas under standard conditions. For this rea- 
son they are called thermal neutrons. 

The term slow neutrons includes thermal 
neutrons, but is much less restricted in meaning. 

To slow down fost neutrons, the designers 
of nuclear reactors use substances or devices 
called moderators. Good moderating materials 
are elements from the low end of the table of the 
nuclides, and compounds formed from these 
elements. Moderating substances include (but 
are not limited to) hydrt)gen, carbon, beryllium, 
ordinary water, heavy water (in whose mole- 
cule deuterium replaces conrnion hydrogen), 
and paraffin. 



When a free neutron enters a moderator, 
it collides with (but does not penetrate) one 
nucleus after another, losing energy with each 
collision. Eventually it leaves the moderator 
at a greatly reduced velocity. 

Moderating materials can be designed to 
serve as reflectors. These are layers or 
structures that turn stray neutrons back toward 
the parts of the reactor v^ere they will serve 
a useful purpose. 

Substances that aI16w free neutrons to enter 
but tend to hold them captive are called ab- 
sorbers. These substances are used in the 
safety sldelds and Qontrol rods that are re- 
quired in all designs for nuclear reactors. If 
unavoidably present yiiere they are not de- 
sired, absorbing substances reduce efficiency. 

NEUTRON REACTIONS.-Not all emitted 
neutrons behave alike. Frequently they cause 
non-fissioning reactions, typical examples of 
yOxlch are sketched in figure 12-13. The mod- 
erators and absorbers recenUy described are 
deliberately used to produce non*-fissioning 
reactions. It is possible, however, for such 
reactions to occur even within fissionable subr 
stances. 

In elastic scatter (also called elastic col- 
lision) a neutron or other particle touches or 
nearly touches the target nucleus, then bounces 
away. No nuclear energy is released, though the 
colliding particle may transfer some of its 
kinetic energy to the nucleus. 




7 



33.275 

Figure 12-13.->Some non-fissioning reactions. 
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In inelastic scatter, part of the energy 
of the coUision excites the target nucleus and 
causes it to give off gamma radiation. The 
bombarding particle may merely touch the 
target nucleus, or it may actually pass through 
central part of figure 12-13. 
The reaction called particle ejection on 
bombardment resembles inelastic scatter, with 
the difference that one particle enters the nuc- 
leus and a different particle leaves it. Gamma 
radiation accompanies this reaction. 

In CAPTURE a neutron (or, rarely, some 
other particle) enters the target nucleus and 
stays there. This reaction, once again, ex- 
cites the target nucleus and produces gamma 
radiation. By the capture of a neutron, the 
nucleus changes from one isotope to another. 

When the bombarding particle splits the 
target nucleus into two smaller nuclei, as shown 
in figure 12-14 the reaction is, of course, 
FISSION. Though omitted from this drawing 
for the sake of simplicity, the planetary elec- 
trons of the fissioning nucleus are divided be- 
tween the product nuclei when the new atoms 
are formed. The result, then, is the produc- 
tion of two lighter and often more stable atoms. 

Since fissionable substances have a high 
ratio of neutrons to protons, their transmuta- 
tion to medium-weight substances is usually 
accompanied by the liberation of at least one 
spare neutron. This neutron is welcomed 1^ 
the j*ysiclst, for it becomes a tool for pos- 
sible use in producing the NEXT fission. It is 
the emission of free neutrons that makes pos- 
sible a self-sustaining chain reaction. 
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Figure 12-14.— A representative 
fission reaction. 
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CHAIN REACTIONS.^ The two neutrons lib- 
erated by fissioning In figure 12-14 may behave 
111 any of the various ways that have just been 
summarized. If conditions are especially fiiv- 
orable to fissioning, they may both produce 
fissions. Under slighUy different conditions, 
one may cause fissioning and one may be cap- 
tured. As long as any fissioning reaction can be 
traced back, step by step, to the original fis- 
sion, the process is a chain reaction. 

The term chain reaction Is not the exclus- 
ive property of the nuclear physicist. It may 
be used to describe any chemical or physical 
process In which the products of one stage 
(sometimes called a generation) act to produce 
the next stage. 

Chain reactions fiiU into three classes: 
nonsustalnlng, sustaining, and multiplying. 

A nonsustalnlng (or convergent) chain re- 
action comes to a dead stop sooner or later. 
In this reaction, too few products of the various 
stages are effective in producing new stages. 
The process, therefore, cannot continue very 
long. 

The nonsustalnlng chain reaction shown In 
figure 12-15 starts with one neutron as the 
initial fission particle. This produces three 
neutrons; 2 escape and 1 causes a second fis- 
sion. The second fission p]*oduces 3 neutrons; 
2 are captured by impurities, 1 escapes, and 
the chain reaction stops. 

In a SUSTAINING (or stationary) reaction 
the gains by new fissions exactly balance the 
various types of losses. Consequently, as 
shown In figure 12-16 the reaction continues at 
a constant strength. . Figure 12-17 shows a 
multiplying (or divergent) chain reaction. In 
each generation, the reaction products (in this 
Instance, free neutrons) that are gained exceed 
those that are lost. If conditions were es- 
peclaUy fkvorable, the ratio of gains to losses 
would be still higher. 

The nature of any nuclear chain reaction 
depends, in part, on the purity of the fission- 
able material usfcd. Impurities cause more 
neutrons to be lost through scatter or capture. 

The nature of the reaction also depends, in 
part, on the mass and shape of the fissionable 
material. Even .for hi^ly refined fissionable 
substances, there are limits below which there 
are too few atoms to support a chain reaction. 
This brJjigs us to the problem of crltlcallty. 

A mass (In a given shape) that is just great 
enough to support a sustaining chain reaction 
is caUed a CRITICAL mass. A SUBCRITICAL 
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Figure 12Tl5f?-Example of nonsustainUig chain reaction. 
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(smaller than critical) mass will support only 
a nonsustaining chain reaction. A SUPER- 
CRITICAL mass will support a multiplying 
chain reaction. 

FISSION BOMB POSSIBILITIES.-As a very 
necessary safety precaution, the masses of 
fissionable material present in a nuclear bomb 
must be kept stibcritical until time for the 
bond) to be detonated. Then a supercritical 
mass must be formed very rapidly. One way 
of producing a stqpercritical mass is by forcing 
two or more subcritical masses together. An- 
other way is to squeeze a subcritical mass 
tightly into a new shisipe and/or a greater den- 
sity that becomes supercritical without the 
addition of any more substance. 

In a weapon, an efficient, ^pidly multiply- 
ing chain reaction is ess^ilul. Ideally, no 
free neutron should be lost to the process. If 
the first fission produced two firee neutrons, 
each of these neutrons should produce two 
more fissions, each of which fissions should 



liberate two neutrons, and so on. The fissions 
would then increase by geometric progression 
(1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 
2(48, 4096, and so on). 

The eighty- first step of this process results 
in 2.5 X 10^^ fissions^ enough to transmute a 
kilogram of refined uranium. The time required 
for the 81 steps is 1/1 0^ second. These are 
the types of numbers that had to be considered 
in the design of the Hiroshima bomb. 

UTILIZING SUSTAINING REACTIONS.^ 
When ^'atomic fue^' is used to produce power- 
as in some ships now in commission, other 
ships under construction, arid certain experi- 
mental electric plants ashore— a sustaining 
type of chain reaction is required. Neutron 
production must not be allowed to get out of 
control; neither must it be allowed to die out. 

The designers of nuclear reactors must 
face and solve many problems related to the 
production of an efficient, controllable chain 
reaction. These problems are beyond the 
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scope of this chapter, but are discussed in 
texts on nuclear power engineering. 

Other problems center about the safety 
factors— both for the equipment Itself and for 
the people ^o operate It or live near it. Even 
the disposal of waste products must be care- 
fully planned to avoid present and ftiture dangers. 

NUCLEAR FUSION 

As brieOy mentioned before, ftision is the 
merging of two light nuclei to form a heavier 
one, with an aocompaiiylng conversion of mass 
to energy. For reasons that will be mentioned 
soon, llifiion reactions are often called THER- 
MONUCLEAR reactions. 

SUITABLE SUBSTANGBS.-Inordertofase, 
two nuclei must come very dose together with 
enough kinetic energy to break the binding force 



of one of tiie nuclei. Because protons repel one 
another, tbus tending to keep the nuclei con- 
talnlng them apart, the single-proton hydrogen 
nuclei would seem to be the most promising 
materials for the ftision reaction. 

Because they have no neutrons, two atoms 
of ordinary hydrogen cannot Aise to form a 
heavier element. Deuterium or heavy hydrogeaiv 
with one proton and one neutron per atom, is 
more promising. Experiments have shown that 
two atoms of deuterium can ftise, producing an 
atom of tritium (radioactive hydrogen) plus an 
atom of ordinary hydrogen. Alternatively, two 
atoms of deuterium can react to produce the 
helium isotope JBe^ phis a free neutron. Either 
reaction liberates nuclear energy. 

Any tritium produced by fusion can react 
with deuterium to produce the helium isotope 
2He^ plus a free neutron. This reaction again 
releases nuclear energy. 
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Deuterium, then, is an effective source of 
energy, provided it can be made to fuse at all. 
To achieve fusion, a very high value of kinetic 
energy must be expended in forcing any two 
deuterium nuclei to imlte. In laboratory e3q;>eri- 
ments, artificial acceleration of nuclear par- 
ticles has produced enough energy to initiate 
small-scale fusion reactions. Mechanical ac- 
celeration (rf particles, however, is not feasible 
in nuclear weq;ionis, nor is it adaptable to in- 
dustrial energy production. 

Thus&r, heathas proved to be the only form 
of kinetic energy capable of Initiating a ftisibn 
reacticm large enough to have pracUcal appli- 
cations. Temperatures comparable 'to that d 
the sun— millions of degrees Centigrade— are 
required. A mult^lying fission chain reaction 
produces these temperatures. Naturally the 



container is vaporized by the reaction; this is 
suitable for aweapom 

Fusion weapons, then, are really fission- 
fUsion weapcMis, in vAiich fission occurs first 
and acts to trigger the still greater fusion 
reaction. Because heat provides the kinetic 
energy necessary for their functioning, fusion 
weapons are sometimes called THERMO- 
NUCLEAR weapons. 

FUSION AND FISSION COMPARED.-Both 
fusion and fission liberate nuclear energy. The 
two reactions differ in several respects. 

; One aspect, the means of initiation, has al- 
ready been discussed. Fission results when 
a supercritical mass of suitable heavy material 
is rapidly formed. The reaction occurs auto- 
matically as soon as the free neutrons, al- 
ready presait hi the fissionable material, are 
supplied with a large enough nuniber of atoms 
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to support the process. Fusion does not occur 
automatically; it must be Initiated by the ap- 
plication of extremely high kinetic energy to 
suitable light substances-namely^ deuterium 
and tritium. 

There Is a practical limit to the size of a 
fission weapon and, therefore, to the amount of 
energy that can be released by this reaction. 
If a weapon contains more than a limited num- 
ber of stibcrltlcal masses of fissionable ma- 
terial, it becomes imsafe to handle and trans- 
port. No such limit is placed on the amount 
of heavy hydrogen a fusion weapon can contain; 
this weapon may be as large as the available 
launching devices permit. Much greater de- 



struction, therefore, Is possible with fusion 
weapons. 

Fission produces a large number of RADIO- 
ACTIVE PRODUCTS-gamma rays, nuclear par- 
ticles, and isotopes of various middle-weight 
elements. Some isotopes decay in a short 
time. Others have a long half life and can re- 
main dangerous for a comparatively long time. 
A few long»lived isotopes, including strontium^", 
tend, if they enter the body at all, to become 
lodged in the bones. There they can cause 
radiation damage over a period of years. Fus« 
ion, on the other hand, has tritium as its only 
radioactive product, and the tritium is itself 
fused with deuterium to prodvice stable helium. 
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PRINCIPLES OF NUCLEAR WEAPONS 
AND THEIR HANDLING 



INTRODUCTION 

SCOPE 

This chapter will discuss hypothetical fission 
and fusion weapons, and will make some com- 
parisons between the two types. The classifi- 
cation of this publication prevents the descrip- 
tion of specific mark and mods of nuclear 
weapons, but a general description will be given. 
The emphasis will be on imderlying principles, 
rather than on design details and dt)erational 
sequences. 

Like the assembled weapons, the ftizes and 
other nonnuclear parts of nuclear weapons will 
be covered without reference to specific Service 
design. 

The latter portion ofthis chapter will discuss 
the basic organization of the nuclear weapons 
field, and some ot the problems related to the 
use and handling of nuclear weapons. 

IMPORTANCE 

The Navy has a wide variety of officer billets. 
Many of these billets are indirectly related to 
weaponry. All present officer billets, however, 
are concerned with security, safety, defensive 
measures, and, whenever necessary, disaster 
relief. All of these officer responsibilities are 
graver and more complex, now that nuclear 
warfare has become a part of the Navy. Whether 
or not he expects ever to be directly in charge 
of any phase of the nuclear weapons program, 
every young officer needs such information as 
he will find in this chapter and in other non- 
classified summaries. 

FISSION WEAPONS 

GENERAL REQUIREMENTS 

It must be remonibered that the nuclear 
material in a miclear weapon is always in a sub* 



critical condition until certain sequential steps 
have been accomplished; this ensures that there 
can be no spontaneous nuclear detonation. The 
importance of the critical mass must be em- 
phasized. It is this inherent feature of the nu- 
clear weapon vdiich makes its operation unique 
among weapons. In fkct, it is the requirement 
that criticality must first be attained that makes 
the nuclear weapon the safest weapon in the 
nation's defense stockpile. 

In this course it is neither desirable nor 
permissible to cover all the details of nuclear 
weapons. However, some basic knowledge of 
how they operate is considered essential. The 
essentials for a practical nuclear weapon con- 
sist of the f oUowtag: 

a. A sufficient quantity of fissionable ma- 
terial to produce the desired energy release. 
This material is in a subcritical state prior to 
the firing sequence of the weapon. 

b. A system for bringing these sub- 
critical masses to sup ere riticality at the desired 
time. 

c. Conventional requirements for any weapon 
^ich would include a power source, fuzing and 
firing circuits, a means of control, and monitor- 
ing. 

d. Safety and safing devices. 

As in conventional weapons, nuclear weapons 
require fUzing devices to detonate them. These 
fuzing devices consist of: Barometric pressure 
switches, sometimes called Baros; internal 
timers, both electric and mechanical; sensing 
radars; hydrostatic pressure switches, com- 
monly called hydrostats; and contact crystals. 
Some weapons have more than one typeof ftizing 
built into them and, therefore, have a fuzing 
option. The control crystals may be used as a 
backup device to preclude the possibility of a 
dud weapon. 
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Fissionable Material 

As mentioned in chapter 12/fissionable ma- 
terial for use in nuclear weapons consists of 
suitable isotope of uraniiim or plutonitmi. When 
a mass of one of these isotopes— supercritical 
in size and shape— is very rapidly formed, a high 
order multiplying chain reaction automatically 
begins. If the design features of the weapon 
permit this reaction to continue, a powerftd 
e^qplosion will result. 

If the design features do not favor a rapidly 
multiplying chain reaction, the fission will pro- 
duce only a low order explosion; the weapon may 
even be a complete dud. In view of the tremen- 
dous cost of fissionable materials and the mili- 
tary importance of the targets at which fission 
weapons are directed, it is important that these 
weapons perform reliably. This section covers 
some of the practical problems that have been 
met and resolved by the designers of fission 
weapons. 

Confining the Reaction 

The presence of stray neutrons in the atmos- 
phere niakes it impossible to prevent a chain 
reaction in a supercritical mass of fissionable 
material. It is necessary that, before detonation, 
the weapon not contain any fissionable material 
that is as large as the critical mass for the 
given conditions. In order for an ex(;losion to 
occur, the material must then be made super- 
critical within a very short time. Extreme 
rapidity is necessary, because if the chain 
reaction were to be initiated by stray neutrons 
before the fissionable material reached its 
most compact form, a relatively weake;q)losion 
would occur. 

Obviously a nuclear reaction cannot be con- 
tained for very long. Yet this reaction must be 
confined until it has gained so much momentum 
that it will produce an explosion of maximum 
power. 

One way to confine ttie fission reacticm would 
be to use a high density material to provide 
inertia, ixdiich would delay expansion of the ex- 
ploding material. This material acts like the 
fkmUiar TAMPER in blasting operations. In 
addition to its primary fUncticm of cbnfining the 
nuclear reaction during its early stages, the 
tamper also acts as a REFLECTOR from which 
neutrons^ bounce back Into the reacting mass 



much as a tennis ball bounces from a solid 
object. This also increases the efficiency of the 
weapon. 

Achieving Criticality 

The means of achieving criticality depends, 
among other things, upon the total mass of fis- 
sionable material present. Ifthere is just enough 
mass present to produce a sustaining chain 
reaction, it is said to be a critical mass. If less 
mass were present, a subcritical mass which 
will only maintain a nonsustainlng chain reaction 
results. A multiplying chain reaction is sup- 
ported by a supercritical mass. 

Some of the means used to increase criticality 
are: 

1. P^jrifying the material chemically to 
decrease the possibility of capture. 

2. Enrichment of the fissionable material; 
for example, increasing the amount of uranium 
235 compared to uranium 238. 

3. Surrounding the material with a high 
density material which will reflect escaping 
neutrons back into the material. 

4. Increasing the density of the fissionable 
material, vliich also reduces the escape prob- 
ability. 

5. Using shapes with a minimum surfa^e- 
to-vol\une ratio to reduce neutron escape (a 
sphere wotdd be ideal). 

There is one other method that is used to 
some extent. This is by bringing two sub- 
critical masses together, thereby increasing the 
surface-to-volume ratio. 

GUN PRINCIPLE 

One of the methods by which subcritical 
fissionable material can be brought to criticality 
is used in GUN type nuclear weapons (fig. 13-1). 
In this type two separated sifl>critical masses 
are brought together to make a supercritical 
mass. Essentially this is attaining criticality 
by increasing the quantity of fissionable ma- 
terial. 

The two subcritical masses of active ma- 
terial are separated sufficiently so that there is 
no possibility of a chain rea.cticm developing^ and 
hence no nuclear detonation. At the desired 
instant, two events take place. First, the two 
subcritical. masses are brought together in a 
\ery short interval of time to form a super- 
critical mass. This is accomplished by means 
of firing conventional propellants yOxlOi shoot 
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Figure 13-1 •—Idealized gun type weapcxi. 



the subcritical projectile mass through a type of 
gun barrel into and in omtact with a stbcritical 
target mass. When these two masses reach 
supercriticality, a nuclear detonation results. 
Second, by surrounding the target mass with a 
suitable tamper, it reflects neutrcxis back into 
the active material, increasing the reaction, 
and holds the active material together just a 
little longer, so that the enormous pressure built 
up increases the effectiveness of the explosion. 

IMPLOSION PRINCIPLE 

V 

Another method by which subcritical masses 
can be brought to criticality \b the basic design 
of the implosion type nuclear weapon (fig. 13-2). 



In this type of nuclear weapon, criticality is not 
achieved by adding more material, but by squeez- 
ing the subcritical mass into a smaller volume 
by means of tremendous pressure. This in- 
creases the density and thus the criticality of the 
fissionable mass. The pressur.e applied to 
squeeze uranium or plutonium into a smaller 
volume is developed by detonating high explo- 
sives in such a way that the pressure wave 
moves in^urd. In other words, by implosion. 

It is important to note that for a full scale 
nuclear detonation to take place, the implosion 
wave must move inward from all directicxis. To 
ensure this happening, a number of detonators 
are imbedded in the high explosive and all must 
detonate at the same instant. 

When the explosive is detonated, a smooth 
shock wave moves inward against the sphere 
of active material, striking it with equal force 
at all points. As a result of this compression, 
the material is increased in density and a 
multiplying chain reaction automaticallybegins. 

NEUTRON SOURCES 

A questicRi may arise as to the origin of the 
first generation of free neutrons in a fission 
weapon. 

One neutron source is the uranium or plu- 
tcmium as originally assembled in the weapon. 
Even in subcritical masses, these radioactive 
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Figure 13-»2.— Idealized implosion type weapon. 
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substances undergo a small amount of spon- 
taneous fission that results in the release of 
free neutrons. 

The designer of nuclear weapons, however, 
wishes to be absolijtely certain that an abundance 
of neutrons will be available for use as soon as 
the mass becomes supercritical. Therefore he 
. places in or near the fissionable material a 
special capsule called the INITIATOR. 

This capsule contains two substances. One 
could be a reliable alpha emitter such as po- 
lonium or radium; the other r 'ight element such 
as beryllium. When the lijrht element is bom- 
barded with an alpha particle, neutrons are 
emitted. The capsule is carefully designed to 
prevent any premature neutron development. 

The same mechanical impulse thatformsthe 
supercritical mass shatters the initiator and 
makes emitted neutrons available to start the 
multiplying chain reaction. 



FUSION WEAPONS 
PRELIMINARY 

As explained in chapter 12, nuclear energy 
Is released not only by the splitting of heavy 
nuclei (the fission reaction) but also by the 
Joining of light nuclei to form heavier ones (the 
fusion reaction). 

FUSIONABLE MATERIAL is the material 
with low atomic nunibers which produces nuclear 
energy by the fusion of nuclei. The low nunlber 
atomic nuclei have lower binding energies than 
uranium or plutonium. Upon hearing this 
statement for the first time, one might question 
quite Justifiably why fusion weapons were not 
developed first. The reasons are several; but 
the main reason is the amount of initiating 
energy required. 

Energy Requirements 

Neutrons, the particles used In producing 
large-scale fission reactions, possess the ad- . 
vantages of electrical neutrality. To cause 
fission, a free neutron has to pierce the binding 
energy of a heavy nucleus that Is already In 
unstable equilibrium, but It does not have to 
overcome any electrostatic repulsion. 

When two light nuclei fUse to form a heavier 
element, at least two mutually repellantprotons 
are Involved. One proton Is In the nucleus that 



(for the sake of simplicity) we can regard as the 
target; the other Is In the nucleus that we can 
regard as the projectile. The projectile nucleus 
must be Impelled with enough kinetic energy to 
pierce the nucleus of the target, In spite of the 
repulsive forces that act between the two pro- 
tons or sets of protons. 

The energy requirements do not have to be 
guessed; for the various combinations of target 
and projectile nuclei, they can be computed by 
standard formulas of nuclear physics. When 
the United States began In earnest to develop 
a nuclear weapon, the fusion reaction was 
ruled out as being unlikely of achievement, on 
a practical scale, by any means available to 
man. After fission detonations had been 
achieved and their effects had been studied, 
however, the physicists began to suspect that 
the thermal energy released by a fission re- 
action might possibly be adequate to start a 
fusion detonation. 

A fission explosion reproduces— briefly 
and In small space— Intensltle.i of light and 
heat comparable to those In the sun. A fusion 
explosion does still more; it duplicates a part 
of the actual process by which the sun and 
OTHER stars produce their light and heat. 
This process Is not a chemical burning re- 
action; It Is a nuclear fusion reaction In which 
four nuclei of simple hydrogen become one 
nucleus of stable helium, with a conversion of 
mass to radiant energy. The next article will 
simimarlze the solar cycle. 

SOLAR FUSION CYCLE.-Man has 
reproduced— on small scale under laboratory 
conditions— the six- stage process by v^lch, 
according to the currently accepted theory, 
the sun "burns hydrogen as fUel.'' The process 
Involves carbon, vAilch undergoes a series of 
transmutations as It captures one proton 
(hydrogen nucleus) after another, then suddenly 
emits all the captured hydrogen (now fused Into 
a single helium nucleus) and regains Its orig- 
inal Identity. Figure 13-3 shows the sun's con- 
tinuously repeated cycle. 

In the first stage simple carbon (C^^) fuses 
with hydrogen (Hi), with an accompanying re- 
lease of radiant energy representing the mass 
lost In the fusion. A similar fusion and release 
of energy take place In the third and fourth 
stages. In the second and again In the fifth 
stage, the constantly growing nucleus emits a 
positive electron; this means. In each Instance, 
that an excess negative charge remains on the 
nucleus and. In effect, converts a captured 
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proton to a neutron by counterbalancing its 
positive charge. 

In the sixth and final stage a fourth proton 
is captured. If the previous pattern were fol- 
lowedi the growing nucleus would emit energy 
and become simple oxygen (0^^); but this 
doesn^t happen. Instead, the nucleus becomes 
violently excited and emits all four of the 
captured particles, thus regaining its original 
identity as simple carbon. 

By the time of emission, the four captured 
protons (two of which, as already noted, have 
been converted to neutrons) have achieved 
identity as an alpha particle, ^ich is, of course. 



simply a heliimi nucleus. The carbon has 
merely acted as a catalyzing agent to briiig 
four hydrogen nuclei together and hasten their 
fusion into heliuin. This is the cycle by ^ich, 
for its millions of years of existence, the sun 
has been heating and lighting oiir solar system. 
The astrophysicists estimate that enough hy- 
drogen remains to keep the cycle going for ten 
billion more years. 

FUSIONABLE MATERIALS 

CHOICE.-^In the sun, their., hydrogen and 
carbon nuclei take part in a revolving, self- 
perpetuating process in ^ich carbon becomes 
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Figure 13-3.— Fusion in the sua. 
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nitrogen and oxygen isotopes, and then reverts 
to carbon vdien ali the captured hydrogen fuses 
into helium. In designing the first ftisicxi 
weapon, the physicists decided against trying 
to reproduce the carbon-hydrc^en cycle. 

The reason was a practical one. Through 
not complex, the carbon, nitrogen, and oxygen 
nuclei involved in this cycle have higher bind- 
ing energies tiian the two hydrogen isotopes 
deuterium (iH*) and tritium (iHS). Since the 
problem of supplying adequate initiating energy 
was known to be difficult at best, it seemed 
wise to choose the simplest reagents possible. 
The reagents must have both neutrons and pro- 
tons; this requirement ruled out ordinary 
hydrogen, but not deuterium and tritium, 

PRACTICAL FUSION REACTIONS. As 
mentioned briefly in chapter 12, two deuterium 
nuclei can fuse in either of two ways, as 
follows: 

jH^ + jH^ — ^1^^ + 1^^ energy, and 

jH^ + jH^ — ^^^^ + neutron + energy. 

A fusion weapon can, then, be based on 
deuterium. The tritium produced in one of the 
two possible deuterium fusion reactions is the 
radioactive hydrogen isotope identified as H3 
in figure 12-5. It does not become an end 
product, but rather enters into the fusion re- 
action by combining with deuterium, as follows: 

2 3 4 
jH + jH — ^gHe + neutron + energy. 



In the fusion weapon, then, as in the sun, 
hydrogen becomes helium, with a release of 
energy. 

As a fusion reaction progresses and the heat 
iuteiioifies, other nuclear reactions may (and 
sometimes do) take place. It is possible, for 
example, for the neutrons liberated during 
fusion to cause variouf^ fissions that would be 
unlikely to occur at lowrr temperatures. 

Because it is usable from the beginning of 
the fusion process, tritium as well as deuterium 
may be included in the payload of a fusion 
weapon. 

FUSION WEAPON C iARACTERISTICS 

Nuclear fusion reactions can be brought 
about only by means of very hie^ temperatures 



(millions of degrees) and are referred to as 
thermonuclear processes; thiA^ vI:q term ''Ther- 
monuclear Weapon," or TN \ f^; jn. 

Fusion Sequence 

The first explosive reaction in a TN weapon 
is the detonation of a conventional high explosive 
or the burning of a conventional propellant. As 
a result, the mass of uranium or plutonium 
becomes supercritical, and fissionbegins. Wl^en 
the temperature becomes high enough, fusion c^f 
the deuterium (or deuterium and tritium) nuclei 
begins. As the fusion reaction progresses and 
the heat intensifies, other nuclear reactions may 
take place. The liberated neutrons mav cause 
fissions that would not likely occur al lower 
temperatures. In general, the energy released 
in the explosion of a thermonuclear weapon 
originates in roughly equal amounts from fission 
and fusion processes. 



WEAPON COMPARISONS 

SIZE 

When you studied t^ae ?^;ifere;.4 types of 
weapons in use now aiid in the recent past, you 
found that the yield of fission weapons was in 
the kiloton range, iKdiile that of fusion weapons 
was in the megaton range. A fusion bomb can 
be many times more powerful than a fission 
bomb. A fission bomb is limited in size be- 
cause the nuclear material must be no greater 
than the subcritical size. It would not be safe 
to handle or store if the amount of fissionable 
material in it were greater. 

Fusion weapons are not limited in this way. 
It is no harder to detcxiate a large amount of 
deuterium or deuterium-tritium than a small 
amount; neither is it more susceptible to ac- 
cidental detonation. 

Through experimentation, physicists have 
found means for controlling the fusion reaction 
on a small scale. Further development of their 
techniques may make it possible to use the 
fusion reaction for nuclear power, 

YIELDS 



The power of a nuclear weapon is expressed 
in terms of energy release (or yield) ^en it 
explodes compared to the energy liberated by the 
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explosion of trinitrotoluene (TNT), Thus, a 
l-*kiloton nuclear weapon is one which produces 
the same amount of energy in an explosion as 
does 1-kiloton (or 1,000 tons) of TNT. Similarly, 
a 1- megaton weapon would have the energy 
equivalent of 1 million tons (or 1,000 kilotons) 
of TNT. The earliest nuclear bombs, such as 
those dropped over Japsm in 1945, released 
roughly the same quantity of energy as 20,000 
tons (or 20 kilotons) of TNT. Since that time, 
much more powerful nuclear weapons, with 
energy 3rlelds tn the megaton range, have been 
developed. 

The nuclear detonadons in tests carried out 
by the United States have ranged from ap- 
proximately 0.1 kiloton (in Nevada tests) to 15 
megatons (in the Bikini tests). 



FUZING TECHNIQUES 
INTRODUCTION 

In the hypottietical nuclear weapons de- 
scribed in this chapter, a cmventional explo- 
sive reaction always acts as the trigger. This 
is followed by the fission and finally (if ar- 
ranged for) the fusion reactions. Actually, then, 
the problem of fusing a nuclear weapon is similar 
to the problem of ftizlng conventional bond) 
type or gun type ammunition. The techniques 
may be someivhat more sophisticated, but the 
essential ftise components— arming system, 
detotiator, safety arrangements, and so on— are 
all presmt. 

A mudear weapon may be designed to explode 
in file air, at the surfiice of theground or vmter, 
or below one or ti&e other of ttiese surfitees. 
These consideraticms affect tne choice ofaftize. 

FUZING FOR AIR BURST 

Heavy blast damage to a target area is 
fireqaenUy the most effective means of gaining 
a miUlary objective. As chapter^ 14 will ex- 
plain, a mclear detonattm in ttie air above a 
target produces widespi^ead blast effect. 
Several types of fUzes can be used to initiate 
a detonatio o at a sdeeted altitude. 

RADAR TTPB* A ftne maybe constructed to 
operate nrodi lite a small radar/lEtmay trAns- 
ndty receive, and compare idectromagnetic 
pdsMi and may fire nhen ttie signal (or com-* 
binatkm of sigoals) meets spedHc built-in 
requiremencs* 



The forerunner of ciirrent radar type fuzes 
was the proximity (for VT) projectile fuze of 
World War n. Because recent years have seen 
many improvements in electronic equipment, 
radar type fuzes are likely to be used exten- 
sively in the future. 

BAROMETRIC TYPE.-As the reader wUl 
reciall ftom earlier studies in basic sciences, 
the atmosphere exerts pressure. Like water 
pressure, atmospheric pressure increases with 
depth. The barometric switch (familiarly called 
the BARO) Is a fUzing device that responds to 
a predetermined value of atmospheric pressure. 

The barometric initiating device has no 
exact counterpart in older bondb type weapons. 
It corresponds roug^y, however, to the con- 
ventional hydrostats that are used in under- 
water ordnance. 

TIMER.— Mechanical timing devices, repre- 
senting various applications of the dock prin- 
ciple, are used in many conventional projectiles, 
bombs, and mines. Not all of these older clock 
mechanisms are used to cause firing at a 
preselected instant. Some are used, instead, to 
prevent firing from occurring before a given 
instant; these timers are associated with impact 
ofinfluencedevicesthatinitiate the actual firing. 

In an aircraft-launched nuclear weapon, of 
course, safety delays are vitally important to 
protect the launching craft and personnel. A 
timer can be designed to provide these delays, 
and also to close the firing circuit when the 
bomb has fallen a selected distance below the 
launching altitude. The dropping speeds of the 
various typea of nuclear bombs are known; 
therefore the dropping distance is easily con- 
verted to an equivalent time interval. 

FUZING FOR SURFACE BURST 



A nuclear weapon, like a conventional one, 
may be designed to burst at ttie surfkce of the 
ground or water. An impact fuze, in which ftke 
shock of landing causes one operating com- 
ponent (or group of components) to move with 
respect to another, is used for surfkice bursts. 

Jt a delayed explosion is desired, an impact 
fuse may ccmtain a timing device that prevents 
ttie detonation from occurring inunediately 
upon impact; A heavy weapon, falling from a 
Idgfii altitude, will penetrate some types of soil 
and may even bury itsdf . A delayed-action 
ftne permita ttiis burial to take place. 
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FUZING FOR UNDERWATER BURST 

Nuclear weapons, like conventional ones, 
are capable of undf^rwater detonation by h3rdro- 
static fazes. Timing devices can also be used 
to produce underwater detonations. 

SAFETY DEVICES 

Because of the high destructive capacity of 
all nuclear weapons, the fUzes used in them 
must have positive protection against accidental 
or premature arming. Certain typw of safety 
arrangements and accessories have performed 
reliably in conventional weapons. With adap- 
tations and refinements, similar safety devices 
are usable in nuclear weapons. 

ARMING WIRES.-The arming wire has long 
been fkmiliar to naval aviators. This wire is 
threaded through a ftize to keep a movable com- 
ponent firom taking its armed position. During 
launching, the ftizes (or equivalent devices) 
are freed trom the arming wires. 

In conventional aircraft bombs a delay 
period, provide<Si by a windmill type vane and 
a gear train, keeps the fUze from becoming 
armed immediately s^er ttie arming wire has 
been removed. In the safe interval, the plant- 
ing craft escapes from the danger zone. 

OTHER SAFETY FBATURES...Inertta, as 
the reader will recall from basic physics, is 
the natural tendency of a material Object (if 
stationary) to resist being set In motion and 
(if moving) to resist any change in the direction 
or speed of motion. In weapons, the force of 
inertia can be utilized to produce a safety delay 
by retarding the relative motion between two 
components. 

During the acceleration of a projectile in a 
gun barrel, inertia tends to force all parts of 
the fiize mechanism toward the rear. This 
manifestatiiHi of inertia— called SETBACK in 
gunnery-can be used to delay arming. Simi- 
larly, in several types of mine accessories and 
components, inertia is used either to prevent 
an undesired action or to cause a desired one. 

Some ftizing arrangements for mtdear 
weapons ute inertia as a means of achievti^ a 
safety dday. 

Electrical arrangements constitute anottier 
means of assuring safety before and darii« 
laundiing^ and for a sdected periM thereafter. 
Nearty all naval nrines, for aample, are 
assead>led and planted with several breaks in 
die battery^-to^etooator circuit. Each break 



consists of a normally open switch tliat will not 
close until specific requirements have been 
met. Similar but not identical electrical in- 
terrupters are used in nuclear weapons. 



PRACTICAL WEAPON TYPES 

The active materials and other highly crit- 
ical substances used in nuclear weapons are in 
limited supply as well as being very expensive. 
Therefore, a policy of attempting to make the 
fewest nuniber of weapons cover as wide a range 
of military applications as possible has been 
pursued in the developmmt of our nuclear 
weapons stockpile. This capability is achieved 
by planned interchangeability, and cor relation of 
nuclear weapons design with concurrent planning 
and development of delivery vehicles. By means 
of conversion components, bombs can be con- 
verted to warheads, and wartieads to bonibs. In 
addition, by means of adaption kits, nuclear war- 
heads can be made compatible with rockets, 
torpedoes, missiles and depth bombs. 

BOMBS 

Since the aircraft was the only practical 
delivery vehicle for large weapons during World 
War n, bombs were the first nuclear weaponsto 
be placed in stockpile. A bonib is a stockpile 
storage configuration of an aircraft-delivered, 
firee-fall, or retarded-foU nuclear weapon. 
l&Jor components and nuclear components inte- 
grally contained in the basic assembly are con- 
sidered to be a part of the bomb. A bomb is a 
major asseoibly designated by a mk- mod-alt 
system and stockpiled as a complete entity of 
one or more packages. Additional major assem- 
blies such as ftize, firing set, radar, power 
supply, and nuclear components maybe required 
to constitute a complete nuclear weapon. 

MISSILE WARHEADS 

Almost as soon as fission weapons had been 
proved practical, the thought of a guided missUe 
with a nuclear explosive charge beg$n to inter- 
est the ordnance engineers. Since ttiat time, all 
of the armed services have developed reliable 
missiles capable of delivering nuclear payloads. 

A nuclear wartiead nornuOly consists of a 
blgli explosive system, nuclear system, elec- 
trical circuitry, and the mountfa^ hardware. 
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A check of unclassified sources indicates the 
following missiles as laaving a nuclear capability: 
The Navy's Polaris, Asroc, Subroc, Talos, and 
Terrier; ttie Army's Davy Crockett, Pershins, 
Sergeant, Little John, and the Nike-Hercules; 
and the Air Force's Atlas, Matador, Minuteman, 
Titan, Bomarc, and Genie. 

OTHER APPUCATIONS 

Projectile 

The Army has developed a nuclear projectile 
that can be fired successfully from artillery 
howitzers. 

Underwater Weapons 

The Astor is a submarine-launched torpedo 
capable of carrying a nuclear warhead. The 
Navy also has developed a surface ship«>launched 
rocket propelled weapon called ASROC, which 
may use a conventional torpedo or a nuclear 
depth charge as a warhead. 



DELIVERY SYSTEMS AND TECHNIQUES 
AIRCRAFT 

The usual advantages and disadvantages of 
conventional aircraft bonibing missions apply 
equally to missions involving nuclear weapons. 
The airplane is swift and maneuverable; it can 
penetrate far into enemy territory. 

Because of the large blpst damage of nuclear 
bondbs, the crew must be protected from this 
damage once the bond) is dropped. One way to 
accomplish this could be to insert a timing 
mechanism In the bondbtoprovldeasafesepara- 
tion time. Anottier mettiod would be to provide 
the bond) witti a drag parachute to dowttie bond) 
until a safe separation distancehasbeen reached. 
This is described as a retarded-fiOlbond). Both 
of ttiese methods allow ttie aircraft to readi a 
point of safety prior to bondb detonation. 

GUNS 

As was previoudy stated in chapter 12, the 
gun is used by ttie Army and Mkriii^ Corps to 
fire nuclear projectiles at long ranges; Either 
a proodmity ftize or timer can be used to 
detonate ttis weapon. 



ATOMIC DEMOUTION MUNITIONS 

ADMs are nuclear warheads adapted for use 
as emplaced demolition charges that canbe used 
to destroy bridges, power stations, etc. 

GUIDED MISSILES 

There are several different types of guided 
missiles, for different applications, just as 
there are different types of launching systems, 
from the short range Terrier to the intermediate 
range Polaris, and the long range Atlas. Most 
of the guided missiles now in stockpile are 
adapted for conventional as well as nuclear 
warfare. 

Safety is again of prime importance; a self- 
destruct package is an integral part of the 
warhead, to protect friendly personnel in case 
the missile goes off course, or fails in its 
intended mission. 

In the Polaris missile system, a submerged 
submarine is, in effect, the launching platform 
for a deterrent or retaliatory missile. When 
used for this purpose, the submarine has many 
advantages. Nuclear propulsion and improved 
design have given the submarine a ranging power 
and a degree of maneuverability that wouldhave 
seemed fimtastic as recently as World War II. 

UI^ERWATER ORDNANCE 

One of our newer weapons used the con- 
ventional torpedo tube as a launching platform. 
Sifl>roc is a guided missile used for antisub- 
marine warfore. It is launched from a sid>- 
merged torpedo tid)e, programmed through the 
air to reenter the water for a submarine kill. 
It provides ranges greatly in excess of present 
torpedo ranges. 



SAFETY AND SECURITY 

SAFETY PRECAUTIONS 

In nuclear weapons, three main classes of 
components are subject to specific safety pre- 
cautions. One class is the conventional high 
explosive or propelling charge. A seccmd 
class is ttie complement of medianical and 
tiectrical devices ttat provide for handling, 
arming, and firtaig. The third and final class 
is ttie nuclear material. 
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Conventional Esqilosives 

As was explained previously, high explosives, 
propellants, and detonators are intergal parts in 
the construction of nuclear weapons. Due to the 
presence of these explosive hazards, the danger 
from fire or an accidental detonation is always 
present, Just as with conventional ammunition. 
High- explosive safety criteria developed for 
convoitional weapons are equally applicable to 
nuclear weapons, whether or not any nuclear 
material is present. 

Electrical and Mechanical Components 

In addition to high explosive hazards there 
are also electrical and mechanical safety aspects 
of nuclear weapons. The same adherence to 
established safety criteria must prevail with 
respect to the handling and testing of electrical, 
electronic, and mechanical components of nu- 
clear weapons. The same precautions used 
with high voltage, condensers, etc., are also ap- 
plicable to nuclear ordnance. Similarly, con- 
ventional mec h a ni cal safety precatitions in con- 
nection with handtools, power tools, chainhoists, 
dollies, etc., equally apply. 

Nuclear Weapons Publications 

These are piiblications promulgated by the 
Joint Atomic Weapons Pidblicatlons System. 
Generally, all such publications are assigned 
an AEC-DASA nundber; those ptiblications which 
bear upon the Navy have in addition a NAVY 
SWOP designation for Navy Special Weapons 
Ordnance Piddication. 

PulbUcations include, for nuclear weapons and 
related equipment: General information or 
Definitions (4-), Reports (5-), Safety (20-), As- 
send>ly (35-), and Maintenance (40-) seHes of 
pid>lications. For example, NAVY SWOP 20-1 
is a pitf>Ucation on explosive safety. 

Nuclear Components 

All personnel assigned to work with fls» 
sionable or ftisionable materials must receive 
special training in tiie handli^, storage^ and 
accounting methods peculiar to these materials. 
Prior to such training they most possess at 
least a secret elearanee basec) on a background 
investigation. 

AWwHigh nuclear weapons are designed to 
prevent a nuclear yidd in case of an accidental 



detonation of a nuclear weapon, there is still 
a dangerous radiation hazard, unless proper 
safety procedures are followed. Uranium and 
Plutonium may become dispersed as small 
particles as a result of impact or detonation of 
the bls^ explosives, or as fUmes if a fire 
occurs. 

The Department of Defense and the U. S. 
Atomic Energy Commission have specially 
trained personnel prepared to deal with all 
aspects of accidents involving nuclear weapons. 
For example, our Explosive Ordnance Disposal 
school trains in all phases of hi^ explosive 
recovery or disposal in case of an accident, and 
only trained personnel are authorized for this 
task. 

SECURITY 

Nuclear weapons, because of their strategic 
importance, vulnerability to sabotage, public 
safety considerations, and political impUoations, 
require greater protection than their security 
classification alone would warrant. 

To prevent the possibility of accidental or 
deliberate laimching or releasing of a nuclear 
weapon, there has been established a "two man'' 
rule. This is that a minimum of two persons 
have access to nudear weapons, each capable 
of detecting incorrect or unauthorized pro- 
cedure in the task being performed. 

Only properly cleared personnel ^o have 
need for access to a nuclear weapon, or -who 
have a need to enter a space containing nuclear 
weapons will be allowed entry to these spaces. 
Only personnel of demonstrated reliability and 
stabUity will be assigned to this typeof duty. 



ELEBIBNTS OF ORGANIZATION 
PREUMINART 

When the secrets of nuclear energy were 
unlocked by the discoveries of scientists, men 
high in government realized tbat strict legal 
control must be maetad. The Atomic Energy 
Act of 1046 established the legal means for 
control and development of nuclear energy and 
the materials involved. This act was later 
amended by ttte Atomic Energy Act of 1054 to 
extend controls over ttke expanding research 
and use of nuclear energy, and to expedite 
research and development in thisfieldfbrpeace- 
ftil as well as military purposes. 
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ATOMIC ENERGY COMMISSION 

The Atomic Energy Commission (AEC) took 
over control of all nuclear material from the 
Manhattan Engineer District in 1946. The AEC 
has outright ownership of all fissionable and 
fUsionable material in the United States, and of 
all production facilities except those used for 
special research which are not adequate for 
production of nuclear materials in amounts suf- 
ficient for use in nuclear weapons. 

The AEC is composed of five memberSi one 
of vAiom is designated as chairman. These mem- 
bers are appointed by the President of the 
United States, with the advice and consent of 
the Senate. 

The Johxt Committee on Atomic Energy is 
a congressional standing committee composed 
of nine Senators and nine Representatives. 
This conmiittee makes continuing studies of the 
activities of the AEC and atomic energy. 

The Military Liaison Conunittee is com- 
posed of a civilian chairman (assistant to the 
Secretary of Defense for Atomic Energy) and 
two representatives each from the departments 
of the Navy, Army, and Air Force. This com- 
mittee advises and consults with the AEC on 
all matters that it believes relate to military 
applications of nuclear weapons or nuclear 
energy, including development, manufitcture, 
use, and storage of nuclear weapons, and 
allocation of special nuclear material for 
military research, and the control of informa- 
tion relating to the manufocture or use of nu- 
clear weapons. The chairman of the Iifilitary 
Liaison Conunittee is appointedby the President 
with the advice and consent of the Senate. 

The Division of Military Application directs 
the research, development, production, testing, 
custody, and storage readiness assurance of 
nuclear weapons. It manages rdlated AEC 
installations and comnninities, and assists in 
maintaining liaison between the AEC and the 
Department of Defense. The Director of the 
division is a meniber of ttke Armed Forces on 
active duty. 

DEFENSE ATOBflC SUPPORT AGENCY 



energy programs as directed by the Secretary 
of Defense. 

The Director, DASA, is a military officer 
of three star rank appointed by the Secretary 
of Defense, upon recommendation by the Joint 
Chiefs of Staff. Normally the assignment as 
Director, DASA, is rotated among the military 
services. 

Training 

DASA supplies training courses to fulfill the 
requirements of the military departments for 
technically qualified personnel in the fields of 
nuclear weapons assembly, maintenance, nu- 
clear hazards, safety, and emergency dem- 
olition of weapons; and other fields that deal 
with specific technical aspects of the overall 
nuclear weapons program. Team training of 
nuclear w^ons assenibly teams is usually 
accomplished at the Nuclear Weapons Train- 
ing Centers for naval personnel. 

Technical Services 

DASA provides technical information and 
advice that is requested by the Services in 
connection with their operation of assigned 
storage sites, transportation, and other basic 
logistics functions required In support offerees 
assigned to the commanders of unified and 
specified commands. DASA prepares and stb- 
mits to the Joint Chiefs of Staff for review 
and approval, integrated ftill-scale weapons 
effects test programs, and provides technical 
liaison and assistance for operational evaluation 
tests of weapons system involving nuclear 
detonations that have been approved by the 
Services. 

STORAGE SITES 

These are installations maintained for the 
storage of nuclear weapons material and 
ancillary equipment where storage inspection, 
storage monitoring, assenibly, or retrofit (or 
any combination of ttiese) may be performed. 

National StockpUe Site 



The Defense Atomic Support Agency (DASA) This is an installation located within the 
is the designated agency of the Department of^^ continental United States vAich has facilities 
Defense. It proivides support to the Secretary for storage, storage inspection, assenft>ly, and 
of Defense, the Joint Chiefii of Staff, and ttie authorised modification of nuclear and non- 
military departments in matters concerning nuclear components of nuclear weapons. Weap- 
nudear weapons testing and such ottier nuclear ons stored at a National Stockpile Site are 
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normally in the custody of AEC. The instal- 
lation is Jointly operated and occupied by AEC 
and DASA. 



Operational Storage Site 

These sites have the same function as NSSs, 
except that they are Jointly occupied and operated 
by AEC and one of the Services. 

Service Storage Facility 

This is a service-operated and contrdUed 
site, located within the continental United States, 
^ich has the capability for storage and partial 
or complete storage monitoring of nonmiclear 
components. It may also have this capability for 
nuclear components. 

Ships as Sites 

There are two classes of ships equipped 
to store nuclear weapons. These are classed 
as condbatant tfiips and support ships. 

Combatant ships^ have Ihe capability for 
delivering a nuclear weapon to a target by 
means of aircraft or missiles. These ships may 
have a ftill or partial capability for storage 
inspection, maintenance, monitoring, and as- 
senibly of nuclear and nonnuclear components. 

Support ships, such as AEs and AKAs, have 
fkcilities for the storage and tranqx>rt of 
nuclear weapons and for pertormUag partial 
storage monitoring. Weapcms are stored in 
either stockpile storage or nonready storage. 



STORAGE CONFIGURATIONS 
Stockpile Storage 

This is storage of weapon major assenibiles 
in a disassembled state. Generally, each of 
these assend)lies is packaged and sealed in an 
individual container. 

Operational Storage 

Operational storage is any storage condition 
occurring in the stockpile-to-target sequence 
following removal of the weapon components 
from stockpile packages for partial assembly. 

Nonready Storage 

This is storage of nuclear weapons that are 
partially assenibled, or in an unpackaged con- 
dition ^ich will require more assembly and 
testing than when in a ready storage condition. 
Nonready storage is used to reduce assenibly 
time from that required for a stockpile con- 
dition, to conserve storage space, or afford 
greater ease of handling. 

Ready Storage 

Ready storage is storage ofa nuclear weapon 
in a partially assenibled and tested condition 
which will permit completion of assenibly in the 
diortest time possible. 

Assenibled Storage 

This is storage of nuclear weapons in a 
specific condition of operational storage and 
completely assenibled, or less those com- 
ponents that are to be assenibled at the time of 
loading or during delivery to the target. 
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CHAPTER 14 

EFFECTS OF NUCLEAR WEAPONS 



INTRODUCTION 

PRELIMINARY 

Whenever a new weapon is proposed, two 
questions arise. First, ix^t can this weapon 
do for us in conobat? Second, if the enemy uses 
the weapon against us, what defensive action can 
we take? The answers to these questions are 
seldom simple, even when the weapon is a "con- 
ventional'' type. For nuclear weapons, the 
answers are complicated by two major factors: 
(1 ) the explosion is a very large one; and (2) the 
explosion is accompanied, and often followed as 
well, by ionizing radiation. 

When these two foots first became public 
knowledge, a certain amount of hysteria was 
inevitable. Hysteria stiU characterizes much 
of the popular thinking about nuclear weapons. 
Unbiased information, honestly fkced and an- 
alyzed, is an antidote to hysteria. A great deal 
of information on the effects of nuclear weapons 
has now been made available in unclassified 
Government publications. The data for these 
publications have come from two main sources-- 
the World War n detonations over Japan and the 
postwar testing program. 

Out of the wealth of available information 
this chapter endeavors to sununarize the details 
that are most likely to be useful to a Junior 
officer. Regardless of specialty, every officer 
has cause to be familiar with the effects of 
nuclear explosions. 

PLAN 

The brief second section of this chapter will 
review-*and, where necessary, amplify— the 
major conqutrisons and contrasts between con* 
ventional and nuclear weapons. The body of 
the chapter will analyze ttie effects of several 
possible types of nuclear explosions. Con<- 
duding sections will analyzettietypes of damage 



that can be expected, and will mention defensive 
measures. 



COMPARISONS 
CONVENTIONAL REACTION 

A conventional explosion is a chemical reac- 
tion. An initiating impulse— usually heat or 
shock— is applied to a substance whose molecules 
contain oxygen, carbon, and hydrogen in abun- 
dance. When initiated, explosive stdjstances 
oxidize (bum) much more rapidly than ordinary 
combustible materials. HIGH explosives (the 
substances used as the burster charge in con- 
ventional bomb-t3rpe ammunition) are said to 
detonate rather than to bum in the usual sense. 
The detonation propagates itself as an intense 
shock wave, followed immediately by a release 
of energy in the form of intense heat. 

During this almost instantaneous process, ttie 
original moleucles break up and their atoms 
recomblne to form more stable compounds. Only 
the electrons in the outermost ihells of the 
atoms are involved in mdlecule formation, and a 
comparatively small amount of energy is suf- 
ficient to free the atoms from one molecular for- 
mation and recond)lne ttiem in another. The con- 
version of mass to energy in this process is 
small. 

Most of ttie energy of heat is converted to 
energy of motion that bursts the container and 
sends a blast wave through ttie air, or a shock 
wave through the earth (or water). R is 
primarily ttiis blast or shock wave that causes 
danuige* 

However, ttie amount and type of damage can 
be modifledbyanuniber of considerations. There 
-tedude (but are not necessarily limited to) the 
type and amount of ttie explosive siMtanee, ttie 
strength of the target, and ttie distance between 
the target and ttie point of detonation* Frequratly 
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the target is shattered; sometimes it is ignited 
immediately. More frequently, fire damage to the 
target occurs (if at all) as a secondary residt of 
shock damage to ftiel systems, stowed ex- 
plosives, or power lines. If thetargetis a ship, 
it may sink because it has been damagedbeyond 
its capacity for rapid repair; or it may remain 
waterbome but be unfit for conibat. 

A successful conventional detonation is likely 
to kill or injure at least a few peirsoraiel. Some 
fatalities or casualties occur immediately and 
are miavoidable. Still others occur as a result 
of secondary effects. Their causes may be 
falling or nying dbjects, short circuits, fire, 
flooding, or other resulting manifestations of 
explosive violence. A taut ship or station 
endeavors to keep secondary casualties to a 
minimum. This can be accomplidied with 
enlightened foresight, training, and discipline. 

The eaqplosive force, detonation velocity, 
sensitivity, and other properties of military ex- 
plosives vary for different types but all are 
measured in terms of TNT. 

NUCLEAR REACTION 

The forces binding the atomic nucleus to- 
gether are vastly stronger than the forces 
binding atoms into a molecule. To break these 
forces, a comparatively large amount of matter 
must be converted to energy. 

A nuclear explosive reaction, like a con- 
ventional one, is characterized by intense heat 
and a heavy wave of blast or shock. The heat 
is maiqr times hi^er ftmn in a cmventional 
explosion; the shock wave, in addition to being 
stronger, moves more dowly and covers a much 
greater area, tt all or even part of a nuclear 
exidosion takes place in the air, winds of a hi^ 
velocity are generated. 

Secondary efrects^-fAlling and nyii«6bjects, 
damaged pipelines and wiring systems, and 
fires^are more numerous and extreme than 
after a conventimal explosion. Unavoidable 
casualties may be numerous. Uniianpily, ottier 
casoatties, some of which eoidd be avoided by 
using dementary knowleclge and taJdng simple 
praeautions, are liable to be very numerous. 

In these reflects a nuclear explosion differs 
from a conventional one in degree more timn in 
kind. In anottier reqpect-fihe c eruduty of con* 
comttant nuclear radiation and flie possibility 
or probability of restdoal radioattve 
contamination— ttie nuclear extdoslon is in a 



class by itseli. Because nuclear radiation 
cannot ordinarily be discerned by any of the 
five senses, and beca ise the average person 
has a vague and parti^y erroneous idea of the 
phenomenon, this aspect of a nuclear 
explosion— even more thun the heavy blast and 
shock damage— is a possible source for panic. 

The next section will describe the several 
major classes of nuclear explosions, and will 
summarize the effects of each on a target area. 



NUCLEAR EXPLOSIONS 
DISTRIBUTION OF ENERGY 

When a nuclear explosion occurs, the 
strength of its blast or shock wave pressures 
is tremendously greater than from a chemical 
explosive (compared per unit weight of ex- 
plosive). It also radiates an enormous amount of 
thermal energy (heat). The nuclear radiation 
released into the atmosphere is a more ominous 
aspect of the event. 

Figure 14-1 shows how energy is distributed 
in a representative miclear explosion. About aS 
percent of the total energy appears first as 
Intense heat. Almost immediately a consider- 
able part of this heat is converted to blast or 
shock; the remaining thermal energy moves 
radiaUy outward as heat and visible light. 



BLAST AND 
SHOCK SOX 



THERMAL 
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Figure 14--1..A typical miblear mnargf 
distribution graph. 
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Some 5 percent of fhe total energy appears 
immedlatdy as invisible but extremely powerful 
nuclear radiation— alpha particles, beta par- 
ticleSi gamma rays, and neutrons. This is 
called initial (nuclear) radiation. The residual 
nuclear radiation occurs over a long time; it 
is produced by the decay of the numerous 
radioactive isotopes that are formed by fis- 
sion reaction* 

In nuclear fusion reactions, the actual 
quantity of energy liberated for a given mass 
of material depends on the particular isotope 
(or isotopes) involved. 

The fraction of the explosion yield received 
as thermal energy at a distance from the burst 
point depends on the nature of the weapon and 
particularly on the en viron ment of the ex- 
plosion* For a detonation in tiie atmosphere 
below about 100,000 feet altitude, it ranges from 
about SO to 40 percent* At tdgher altitudes 
where there is less air, the proportion of tiier- 
mal energy is increased, and the proportion of 
fission energy converted to blast is decreased. 
At the other extreme, in an explosion com- 
pletely confined under the earth, there would 
be no escape of thermal radiation. 

The IS percent allotted to nuclear radiation 
in figure 14-1 is appropriate for a fission 
weapon* In a tiiermounelear (fusion) device, in 
which oifly about half of the total energy arises 
from fission, fhe residual radiation carries ohly 
about 5 periMut of the energy released In ttie 
explosion* Jn contrast to thermal radiation, ttie 
quantity of nuclear nuttatlon is Independent 
of ftie height of burst* However, flie attenuation 
of the initial noelear radiation is determined by 
the total amoont of air fliroo^ wUdi it travels, 
and the dispersion of fhe radiation products 
also varies wtHi flie height of flie explosion. 
OOier tedon, sudi as wind, also affect ttie 
dispersion of raiHoaettve particles* 

reprubmtahvb air burst 



As dupter IS menttoned/ln air burst over 
a target is fkeqpenHj tike noit efdeient means 
of tccoff^pilihiHg a mffHtary oli)ective* A 
l-megitott delQDitkNi C nultal ent In destructive 
power to attnUdntanscf TRDhasbeen sid ec ted 
fw study In this artfafle* For a weapon of lower 
3rMd, the dfaMaaee and tte time li<srwJs w ould 
be Aofteri flbr a mora powerful weapon^ fbi^f 
woQldbelongv* 



The three parts of figure 14-2 show ivhat 
happens during the first 11 seconds after 
detonation. 

An air burst is defined as one in which the 
weapon is exploded in the air at an altitude 
below 100,000 feet, but at such a height that 
the fireball (at roufl^y maximum brilliance in 
its later stages) does not touch the surface of 
the earth. In a 1-megaton weapon the fireball 
may grow to nearly 5,800feet (1.1 mile8)across. 

If the explosion takes place about 100,000 
feet altitude, it is a high-altitude burst. The 
fireball characteristics are different because 
of the low-density air. 

Very soon after tiie nuclear weapon is trig- 
gered, a rapidly multiplying nuclear reaction 
vaporizes all parts of the weapon and its con- 
tainer. The reacting matter appears as an 
extremely hot and brilliant firdiall resembling a 
small sun* The firetMOl radiates heat, light, and 
nuclear emissions. 

Blast Damage 

The reaction causesablast wave (theprimary 
shock front) to move outward from the fireball. 
The air immediately bdiind this front acts as a 
terribly violent wind. In the first portion of 
figure 14-2 the blast wave has not yet reached 
OROUMD ZERO (file point directly below the 
detonation point). The llglit rays and the equally 
swift gamma rays, however, have done so. 

V9hm fhe primary biast wave (incidratwave) 
strikes ground zero with an Impact like that of 
a trmendoushanuner, a second or REFLECTED 
blast wave begins to niov^> upward and outward 
from ground, zero. The second part of figure 
14-2 shows Uie reflected wave. At points on the 
sorface, Oie impact of the two waves is fdt 
simnltaneoutfly. This Is true also, forpractical 
purposes, of points ABOVE the surface in the 
vicinity of ground zero* . 

At points so me vft at farther oat, sudiaP and 
pti in figure 14-3, however, an object dtove 
the surface, such as tlie top <tf stall smcAestadc 
or a television tower, would receive two (fisttnct 
Mows. R would be struck first by the Incideot 
wave moving nuttaRy outward from flie flr^HtU 
and, Aorfly ttereaffer, by the reflected wave 
luuvliig nuBaRy outward from graiud sera. 

. A$ one goes fluflier out firom ground zero, 
however, the anpilar Astance between flie in- 
eUeef wave and the reflected wave decreases* 
In oflMr wouli, the two waves are UMivIug more 
nearly In the same Arectfihi* Also, fiie reflected 
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Figure 14-3.— Formation of the Mach front. 
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ivave tends to move faster, since the incident 
wave has compressed the air throudi which it 
will move. At some point between P^^ and P^^ 
in figure 4-13, the two waves begin to be felt as 
a single strong shock, not only at fbe surface 
(as before) but above it as well. This p6inl 
marks ttie beginning of ttie IfACH FRONT. For 
the explosion skown in figure 14-2, ttie over- 
pressure (excess over normal atmospheric 
pressure) of the Mach front at itspolntof origin 
is 16 pouiids per square inch. 

As the conAlned waves more fturther tram 
ground zero, ttie Mach firont elimgates itself, 
forming ttie liach STEM, Aownmtendlng almost 
vertically from points P^^ and P^^ In figure 
14-3. An airplane or a tall dbject located 
ABOVE ttie triple point at ttie upper end of the 
Mach stem wIT. fed two separate blast wa:ves. 
An dbject BELOW the triple point win feel the 
ccmMned blast waves as a staiB^epowerftilblow. 
The Mach effect is onereasonfortheloog-range 
shattering powo* of a nuclear air burst. 

Bdilnd the primary shock wave and, after 
its formation, behind the Madi item, a strong, 
swift wind blows almost horizontally outward 
from ground sero. In its destructive power, 
this wind ia like a concentrated, short-lived 
hnrrtcaae. 

While the Madi franft Is being fbrmad, the 
firdjall is stm nuttattng large amounts of heat, 
Ughty and nodear emissions. By flie end of 11 
secontlSi tat a l<*megaton exploaioni the Madi 



stem has moved outward about 3 miles firom 
ground zero. The overpressure is about 6 
pounds per square inch, and the wind is blowing 
at 180 miles per hour. Tills is the situation 
shown in the third part of figure 14-2. 

By the end of 37 seconds, however, sig- 
nificant changes have taken place, as shown in 
figure 14-4. The overpressure has dropped to 
a single poimd per square inch, and the vdocity 
of the wind behind the Bfoch stem is merely 
40 miles per hour. The fireball has ceased to 
radiate much heat, but is still emitting gamma 
rays given off by the decay of various diort- 
lived radioactive isotopes formed during the 
fission reaction. This is an example of residual 
radiation, as distinguished from the initial 
radiation given off as an immediate result of ttie 
explosion. 

Though it no longer glows, the firdtall is 
still very hot. It rises swiftly, like a hot-gas 
baUoon, sucking air inward and upward after it. 
lids suction phase of the burst creates strong 
winds, opposite in directi on to tte Mach wind. 
Near ground zero these AFTER WINDS puU up- 
ward a large amount of.surftice diri plus much 
of ffie ll^iter debris from buUdtngsshatteredby 
the bla^ • This w in ab or ne material forms the 
stenv^ center cotanm of the nmshroom cloud 
that is dttunteterlstic of a nuclear air burst, hi 
figure 14-4 the cloud has begun to form* 

WHhin fbB second minute after a 1-megaton 
detonation, the top of the mushroom doud is 
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Figure 14<.4.-.Development of mushroom cloud and the »4ach front after a 1-megaton air burst. 



about 7 milea in the air. The afterwinds are 
blowing inward toward ground zero at about 200 
miles per hour. 

RadiatioD Hazard 

The nmshroom cloud consists mainly of 
vaporised fission products and oflier bomb 
residues^ plus some of the lifter material 
carHed up throogb the center cohimn. The 
fission products, of course, are hUfidy radio- 
^ active. . 

After 10 mtattes fh€ mushroom cloud is about 
15 mileti in fiie air and has spread out eon- 
sldenibly. b time, normal winds disperse the 
dood, 9mM i»ry ding its cdtttents over a wide 
area and cfilulbig ttienu 

Becftuse iome 6f fiie radioactive fiftsion 
prodnets hsirt tery sbort lialf«u?6s, the fatal 
radislloii hskard Is cdnstettlQr^^de^ by 
decay ai w^ as by disperssl. It dbesnot 
completely vanish, however, fission products 
wtOi Idqg half-lives^ and dimittiff ii^T^g quantities 
of aiose with short half-lives, remain* Some 



of these will, in time, be borne earthward on 
raindrops, fog droplets, or dust particles; or 
they may descend by their own weight. This 
returning radioactive material constitutes the 
foUout that is a peculiar hazard of nuclear ex- 
plosions. 

The follout from a high air burst may be 
carried great distances by wind drift, to become 
a serious threat. Strontium-00an4cesium-137 
are radioisotopes with long half-lives that have 
drifted over large areas of the earth as delayed 
fallout. They get into food and water and thus 
are a biological hazard. These tiny radioactive 
particles are carried in a Jetstream of moving 
air that circles the earth at the edge of the 
tropopause, and are brou^t to earA by rain or 
snow or by gradual fallout* A rise in the 
8trontium-90 count in milk in the United States 
may be a confirmation of a nuclear detonation 
over Siberia. Fallout from some of tte other 
types of bursts, however, is a major hazsLrd in 
tiie more immediate area of fiie burst. 

The student should clearly understand that 
a nonfissioned water droplet or dust particle 
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does not itself become radioactive by acting as 
a vehicle for a radioactive isotope. All it does 
is to convey this product of the original explosion 
from the upper atmosphere to some place ^ere 
it may possibly be picked up by a living organism. 

In considering a bomb of greater or lesser 
yield than a megaton, the order and nature of 
the events in an air burst will be as outlined in 
this article but the statistical values will be 
different. 

An air burst, then, produces intense heat 
(thermal) radiation, initial nuclear radiation 
from the fireball, residual nuclear radiation 
from the fission products in the mushroom 
cloud, great changes in atmospheric pressure, 
and strong, high- velocity winds, first away firom 
ground zero and later toward it. At and near 
ground zero, any or all of the primary effects 
are f^tal to personnel. The combination of 
pressure and wind destroys all light buildings, 
and possibly all buildings whatsoever. 

Personnel Protection 

Beyond the area of total immediate de- 
struction, blast and wind damage are still heavy. 
Fires— resulting either from the initial heat 
radiation or from various secondary causes- 
soon reach dangerous proportions. Unprotected 
personnel may be killed or injwed by radiation, 
by foiling buildings, by blows or lacerations from 
falling or windbome objects, or by secondary 
fires. Many in undergnnmd shelters, and many 
above ground who have learned and applied 
elementary defense procedures, can save them- 
selves or, if injured, can be saved by well- 
drilled rescue teams. The human body is nmch 
more tolerant of short-term overpressure ttian 
even tiie strongest buildings are. It is the 
secondary effects of overpressure^- crumbling 
walls and flying glass, for example— tiiat cause 
most injuries. The appalling casualties in the 
Japanese bonfl>ings were due in large measure 
to ttko twin elements of complete surprise and 
unpreparedness. Mbny ttiousands of lives could 
have been saved had the people been alerted and 
trained in self-protection in flie event of nuclear 
attaiik. Extensive and intensive studies of all 
aspects of those bonblngs have shown quite 
clearly how to protect ydurself . Various types 
of buildings and Aelters havebeentest^dmrtng 
our nadear weapons tests, and from these 
studies recommendations have been piAUahed 



on preferred methods of construction and ma- 
terials to use for shelters. These aspects are 
discussed later in this chapter. 

Because it is particularly destructive of 
structures and equipment (and because of min- 
imized radioactive after effects), an airburst 
above a target area is likely to be a preferred 
method of nuclear attack. Other classes of 
bursts are possible, however. It is therefore 
necessary to notice how each compares with an 
air burst. 

SURFACE BURSTS 

If an air detonatton takes place at a very low 
altitude, part of the fireball, in its rapidly 
growing early stages, touches the surface of 
ground or water. This t3rpe of nuclear explosion 
is defined as a surface burst. 

The intense heat of the fireball vaporizes a 
lax*ge amount of soil or water. This vaporized 
(but ordinarily not fissioned) extraneous ma- 
terial renialns in the fireball as it rises. In 
addition, the suction phase of the explosion 
carries much more debris into mushroom stem 
(center colunm) than would be expected in an air 
burst (fig. 14-5). 




5.47 

Figure 14*S.«»Formatlon of dirt cloud in 
surface burst. 
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As the fireball cools, the vaporized foreign 
material condenses into minute particles in the 
mushroom cloud. The heavier debris im- 
mediately fiiUs back fSiirly near the point of 
burst; the lighter particles may remain airborne 
for a long time. Radioactive fission products 
may cling to any or all of the non-fissioned 
particles. The surfaceburst, therefore, carries 
a much greater threat of hazardous radioactive 
fallout than an air burst does. Though the 
danger from the fallout of heavy particles is 
greatest near the target (viheTe damage from 
other causes is also severe)theairbome lighter 
particles may seriously contaminate wide areas. 
In the test at Bikini atoU in 1954, substantial 
contamination spread over an area of over 7,000 
square miles. Fallout can continue even after 
the cloud can no longer be seen. 

It is estimated, for example, that a 1- megaton 
bomb, exploded on the surface ofthe ocean, would 
convert about 20,000 tons of water to vapor. At 
a high altitude, this water vapor would condense 
into droplets like those in an ordinary cloud, 
with the serious difference that many droplets 
would be vdiicles for radioactive fission pro- 
ducts. By the time these ccmtaminated droplets 
fall as rain, they might oe hundreds of miles from 
the point of detonation. 

If any significant portion of the fireball 
touches land, a crater remains to mark the site 
of the explosion. The crater is formed partly 
by vaporization of the soil and partly by up- 
draft into the center column during the suction 
phase. An bbserver at a distance can recognize 
a surface burst over land by the dirty color of 
the mushroom center column and cloud. 

The size of the crater will vary with ttie size 
of the bomb, the height at urtiichit was exploded, 
and the character and ccmdition of ttie soil. 
Studies made following test explosions have 
yielded Information on the size, shape, and 
depth of a crater to be expected from a par- 
ticular size bonib in a particular type and con- 
dition of soil (roelgr» sandy, wet, dry), and 
scalar tiAles have been compiled for pre- 
dicting effects. 

A varying portion of the kinetic energy of a 
surface burst goes Into ground shock similar 
to fliat produced by a penetratlnghi^-exDlosive 
bonib. This shock aids ttie atmospheric over- 
pressure In demoUshli« buildings near the 
point of burst. 

Beyond tte Immediate area of ttie crater, 
the gruun shock transmitted ttiroi^ Vtke earth 
is usually small compared with the shock 



transmitted by the blast wave passing over the 
surface. Cracks appear in the soil at varying 
distances from the crater, the size anddistance 
of the cracks depending on the size ofthe ex-* 
plosion, distance from the surface, type and 
condition of soil. 

The effects of underground shock from a 
nuclear explosion have been compared to an 
earthquake of moderate intensity. There are 
significant differences, but those in the business 
of detecting nuclear explosions in other areas 
cannot always be sure if an earthquake or a 
nuclear explosion caused the seismic wave 
recorded on their instruments. 

Except in the region close to ground zero, 
^ere destruction would be virtually complete, 
the effects of blast, thermal radiation, and 
initial nuclear radiation will be less extensive 
than for an air burst of similar size. However, 
early fallout may be a very serious hazard 
over a large area. 

SUBSURFACE BURSTS 

If a nuclear explosion occurs under such 
conditions that its center is beneath the ground 
or under the surface of the water, it is classed 
as a subsurface burst. Since some ofthe effects 
of underground burstsandunderwaterburstsare 
similar, they can be considered together as sub- 
surface burst effects. In a subsurface burst, 
most of ttie shock energy of the explosion ap- 
pears as underground or underwater shock, but 
a certain proportion (which is less the greater 
the depth of ttie burst) escapes and produces 
air blast. Much of the thermal radiation and of 
the initial nuclear radiatim will be absorbed 
within a short distance of the explosion. The 
energy of the absorbed radiations will merely 
heat the ground or the water. Some of ttie 
thermal and nuclear radiations will escape, 
varying with ttie depth of the explosion, but ttie 
intensities will be less flian in an air burst. 
However, the residual radiations are of con- 
siderable significance since large qoantitf es of 
eartt or water In ftke vicinity of the explosion 
will be contaminated with radioactive fission 
products. If ttie burst is near ttie surface «o 
that ttie fireball actually breaks through, fiie 
amount of fallout will be about the same as In a 
surface burst. If the burst is deep enough sd 
that none of ttie fireball emerges from 0ie 
surface yet qiantitles of dirt (or water) are 
thrown up as a column Into flie air, mnch of the 
rock, Mtt, and large dArls (or water) win ftdl 
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back in the immediate area, but finer particles 
will be carried aloft and will descend later as 
fkllout, perhaps far from the area. 

Many subsurface tests of nuclear devices 
have been made, for weapon use and for pos- 
sible commercial uses, such as blasting out 
ground to build a tunnel, or a canal, or to 
deepen a harbor, or open a mine. A large body 
of data has been collected, studied, analyzed, 
and charted, so that effects of explosions of di- 
ferent sizes, different depths, and under varied 
conditions can be predicted with considerable 
accuracy. 

Underwater Bursts 

A nuclear underwater burst is defined as 
one vAiose origin is beneath the surface d' a . 
body of water. Most of the energy of the under- 
water burst appears as underwater shock, but 
a certain proportion (dependent on the depth) 
may escape and produce air blast. 

A "true'' underwater burst is one in vAiich 
the detonation and the formation of the com- 
plete fireball both occur below the surfkceof the 
water. The fireball is in the form of a great 
bubble. Because it is subject to hydrostatic 
pressure, the bubble is believed to be smaller 
than for a bomb of comparable yield detonated in 
the air. As the rising bubble touches the sur- 
face, its glow disappears, because the gases 
expand and cool when they meet the lesser 
resistance of the air. 

While it is still under the surface, the fire- 
ball (or gas bubble) generates a shock wave, 
much as a fireball in the air generates a blast 
wave. A later paragraph will mention some of the 
peculiarities and military uses of this shock 
wave. The peak overpressure does not fBll off 
as rapidly with distance as in air, but the 
duration of the shock wave is shorter than in 
air. 

Two phenomena give advance warning that the 
fireball from an underwater detonation is ap- 
proaching the surface.: First a rapidly expand- 
ing white circle, called the SUCK, appears on 
the surface. The slick is composed of countless 
droplets of surf ace water that have been tossed 
up by the advancing Shock wave. At the center 
of the slick, a dome of water and spray rises, 
directly over the detonation point. 

Neither the slick nor the spray dome con- 
tains any radioactive matter. They are fore- 
runners of the true explosion phenomena. (A 



very deep detonation may fail to produce a 
spray dome.) 

When the radioactive fireball (or gas bubble) 
touches the surface, the hot gases are violently 
expelled into the atmosphere, drawing up with 
them a hollow column (sometimes described as 
a PLUME, or a CHIMNEY) of water. The com- 
plex pressure relationships sometimes cause 
water droplets to form a^^Wilson'* condensation 
cloud about the hollow colunm. The cloud for- 
mation reproduces, on a large scale, the con- 
ditions in the laboratory cloud chamber. The 
Wilson cloud remains only for a second or two, 
and is not radioactive. The radioactive contents 
of the bubble are vented through the hollow 
column and may form a cauliflowershaped cloud 
at the top (fig. 14-6). 

SHALLOW UNDERWATER BURST.-Figure 
14-6 shows three characteristic steps in a 
typical underwater burst. (Baker test at Bikini 
atoll in 1946->a 20-kiloton weapon was used in 
comparatively shallow water.) Part A of the 
illustration shows conditions 2 seconds after 
detonation. Notice that the shock wave that 
surrounded the fireball in the water has become 
a blast wave in the air, surrounding the Wilson 
cloud. 

Twelve seconds after detonation, as shown 
in part B of figure 14-6, the water column has 
reached a height of about 3,300 feet. (An esti- 
mated million tons of water were raised in the 
column in the Baker test.) The fission products 
venting through the center of the coliunn have 
begun to condense into an atomic cloud resem- 
bling a giant cauliflower. 

The cauliflower cloud is strongly radioactive, 
but is too high to be a serious threat to ship- 
board personnel at this time. A much greater 
immediate threat is the BASE SURGE that has 
begun to form around the lower end of the hollow 
column. The base surge consists of radioactive 
- mist from the contaminated water in the hollow 
column, which is now dropping backward due 
to gravity. The base surge spreads radially 
outward, giving the appearance of a doughnut- 
shaped cloud on the surface of the water. 

By this time, too, large water waves have 
begun to form and move outward from the base 
of the hollow cplumn. 

By /the twentieth second after detcxiation, con- 
ditions'are as shown in the third part of figure 
14[-6. The base surge is growing higher as it 
moves outward. Large quantities of contaminated 
water, the MASSIVE WATER FALLOUT, begin to 
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Figure 14-6.— Three stages in the development of a 100-kiloton shallow 
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pour down from the mushroom cloud • The 
hollow coliunn is continuously shrinking. 

A minute after detonation, the hollow column 
is much lower and the ring of outward- rushing 
base surge much higher. Contaminated water 
and spray from the cauliflower doiv j encircle 
the hollow colunm. Water waves continue to 
form and move outward. The first wave has 
traveled almost a mile from the colunm. In the 
Bikini lagoon tests, beaches were inundated, as 
far away as 11 miles, some to twice the depth 
of the approaching wave, far more thanhadbeen 
anticipated. 

Two and a half minutes after detonation, 
figure 14-7, the central column has been com- 
pletely replaced by a radioactive mist or doud 
that extends downward to the surface of the 
water. The base surge, still forming an outward- 
moving ring around the central cloud, has lifted 
slightly. It appears, therefore, as a low-hanging 
cloud from vrtiich radioactively contaminated 
rain is pouring. This rain is hazardous to sur- 
face vessels in its path. 

Though diffusion and the natural decay of 
isotopes with short half- lives have reduced the 
intensity of the nuclear radiation given forth 
by the central cloud, the level of radiation is 
still dangerously high. 

Eventually, the central cloud and the base 
surge mingle and are carried off in the downwind 



direction. The base surge may extend downwind 
for several miles. 

An underwater detonation at greater depth 
may fail to produce any of the phenomena shown 
in figures 14-6 and 14-7. Instead, the hot gas 
bubble may break into a large number of small 
bubbles as it rises through the water. When the 
small bubbles reach the surface, they may break 
into radioactive froth, perhaps with a thin layer 
of contaminated mist above it. The mist is not 
likely to create a large fallout problem, but 
dangerous amounts of the radioactive foam may 
be washed against surface vessels or even 
against the shore. 

During any type of underwater nuclear ex- 
plosion, all or a great percaitage of the radiant 
heat is absorbed by the water. Many of the first 
neutrons and gamma rays are also absorbed. 
When and if the bubble reaches the surface and 
bursts, however, the various fission products 
are still emitting gamma rays andbeta particles. 

The hollow column, the cauliflower cloud, and 
the base surge all contain large numbers of 
radioactive particles. The fallout (or rainout)of 
these particles is liable to be the most serious 
danger ^o surface ships and shore installations 
BEYOND the region of heavy shock (and blast). 
It is important, therefore that naval officers in 
general should have knowledge of decontamina- 
tion procedures (as well as other damage control 
and first aid procedures). 
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DEEP UNDERWATER BURST. -As observed 
in the WAHOO shot in 1958, deep underwater 
bursts do not produce an airborne radioactive 
cloud. The visible phenomena produced by this 
shot, which was 500 feet underwater, are shown 
in figure 14-8. No fireball could be seen, but a 
spray dome (fig. 14.8A) formed above the sur- 
face of the water. The hot steam and gas burst 
through this and formed multiple plumes (fig. 
14-8B) in all directions. As the plumes collapsed, 
a base surge (fig. 14-80) formed, extending for 
a distance of about 2 1/2 miles downwind and 
upward about 1,000 feet. The radioactivity was 
associated with the base surge. The residual 
nuclear radiation was slight. 

In a deep underwater burst, very little of the 
energy escapes as air blast, but is absorbed by 
the water and produces a much greater shock 
wave than does a shallow burst. The peak over- 
pressure does not fall off as rapidly in water as 
in air, therefore the shock wave can damage 
ships at considerable distances from the burst. 
At 3,000 feet from a lOO^kUoton deep water 
burst the peak overpressure is 2,700 pounds per 
. square inch, compared to only a few pounds per 
square inch in an air burst. 

Underground Bursts 

When the fireball is formed below the sur- 
face of the soil, the hot pressurized gas within 
it is mingled with bomb residues and vaporized 
earth. Upon breaking through the surface, the 
expanding gases throw up a hollow, outward- 
flaring column consisting of earth debris mingled 
with fission products. 

SHALLOW UNDERGROUND BURSTS.^As in 
a shallow underwater burst, a hemispherical 
blast ftont surrounds the hollow column in its 
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Figure 14-8A.->Spx«ay donie 5.3 seconds 
after explosion. 
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Figure 14-8B.-.Plume after 11.7 seconds. 
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Figure 14-8C.^Base surge 45 seconds 
after explosion. 



early stages. Figure 14-9A shows conditions 
two seconds after a 100-kiloton shallow under- 
ground burst. In addition to the phenomena 
shown in the drawing, this type of detonation 
produces a ground shock resembling a small 
earthquake, except that it occurs nearer the 
surface. 

In rising, the hollow column produces a 
throwout of contaminated debris. The lighter 
products of the explosion form a radioactive 
cloud about the upper part of the column. 

By the end of 9 seconds, as shown in figure 
14-9B, the expanding cloud is still giving off 
hazardous amounts hi radiation. Some of the 
heavier fragments in the throwout are falling 
back to the earth. 

Forty-five seconds after detonation (fig. 
14-90) the throwout is rapidly falling to the 
ground. It can be expected that finer dust 
particles from the hollow column will form a 
ring of base surge, much like the mist surge 
that characterizes a shallow underwater burst. 
The dust particles in the base surge are heavily 
contaminated with nuclear byproducts. 
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Figure 14-9.»Development of a 100-klloton 
shallow underground burst: A. Two seconds 
after detonation; B. Nine seconds after det- 
onation; C. After 45 seconds; D. After 4 1/2 
minutes; E. Formation of crater. 

After a few minutes, as shown in figure 
14-9D, the central cQluQin loses its separate 
identity. The lightest particles from the column 
have now . become part of the radioactive cloud. 
This cloud spreads out, especially in th9 down- 
wind direction. If ,a base surge has formed, it 



rises toward the cloud s^nd moves ahead of it in 
the downward direction. Thus, radioactive 
particles can be carried downwind for consider- 
able distances, seriously contaminating a large 
area. 

It is estimated that a 1-megaton shallow 
underground burst would blow into air some ten 
million tons of soil and rock. The area around 
the crater would be heavily contaminated, and 
the fallout oflighter particles might be hazardous 
over a great distance. 

As a general rule, the thermal radiation will 
be almost completely absorbed by the soil ma- 
terial, so it represents no significant hazard. 

The shock wave produced by the rapid ex- 
pansion of the bubble of hot, high-pressure gages 
initiates a shock wave in the earth similar in 
some ways to an earthquake of moderate in- 
tensity. Theoretically, the disturbance should 
be equal in all directions, distinguishing it from 
an earthquake, in vAiich there are slipping 
movements. However, this is not always true, 
and it is not always possible to distinguish 
between earthquakes and underground nuclear 
explosions by the recordings made by seismo- 
graidifj. 

The formation of a crater by surface burst is 
shown in figure 14-9E. Similar deformation of 
the earth takes place in an underground burst. 
The size of each damage zone varies with the 
type and condition of the soil, the size of the 
detonation, and the depth of the detonation, but 
the types of damage are similar. Immediately 
beneath the visible or apparent crater are two 
more or less distinct zones, the rupture zone 
and the plastic zone. In the rupture zone, there 
are innumerable radial cracks in the earth or 
rock. Below that is the plastic zone, in which 
there are no actual cracks visible but the earth 
is permanoitly defornied and greatly com- 
pressed. In rock, the plastic zone will be much 
smaller than in soil. The cavity formed by the 
explosion is the true crater, but the visible or 
apparent crater may be smaller because of the 
feOlback of debris. 

The crater produced by a shallow under- 
ground burst is deeper and wider than the one 
produced by a surface burst of equivalent yield. 
A 100-KT surface burst would produce a carter 
580 feet in diameter and Sdfeetindry soil, while 
a;.'4Similar burst 50 feet below the surface would 
produce a crater 720 feet in diameter and 120 
feet deep. 

Mathematical formulas have been prepared, 
with corrections for different factors such as 
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type of soil, so the expected crater size can be 
computed for any size weapon. 

DEEP UNDERGROUND EXPLOSIONS.-One 
of the purposes of testing nuclear weapons deep 
underground is to prevent contamination of the 
air and the countryside. A mimber of nuclear 
test explosions have been carried out atvarious 
depths underground. Various soil character- 
istics, particularly the moisture content, affect 
the result. The data from the tests indicate tliat, 
in general, a scaled depth of 5 00 feet or more is 
necessary to contain the radioactivity below the 
earth's surface. By scaled depth we mean scaled 
according to the strength of the explosion. In the 
LOGAN shot (5.KT), for example, the actual 
depth of rock and earth cover was 830 feet, but 
the scaled depth was computed as 512 feet. The 
formula for computing the scaled depth is: 



500 W 



0.3 



where W is the explosion energy yield in kilotons 
TNT equivalent. This formula applies if the 
overburden (rock and soil cover) is of dry soil 
and loose rock. If the overburden is solid rock, 
the result is multiplied by 0.8. 

When the fireball does not break the surface 
of the earth, all the radiation and the radiant 
energy is retained in the earth. A year after the 
RAINIER shot, nearly all the energy was still 
retained in the immediate area of the explosion, 
which took place in a 6- by 6- by 7-foot chamber 
790 feet below the surfoce in a type of rock 
called tuff. The explosion enlarged the space to 
a cavern with a 62-foot radius, and melted the 
rock to a depth of four inches. The roof of the 
cavern caved in, but radioactivity was not spread 
to the surface beyond the cave-in. Most of the 
radiation was retained in the molten rock, which 
congealed to glass. The shock caused seismic 
signals several hundred miles away. A 1.7 
kiloton nuclear device was detonated in the 
RAINIER shot. 

HIGH ALTITUDE BURSTS 

A hifi^-altitude burst is defined as one in 
v^ich the explosion takes place at an altitude in 
excess of 100,000 feet. Above this level, the air 
density is so low that the interaction of the 
weapon energy with the surroundings is markedly 
different from that at lowbr altitudes, and varies 
with the altitude. The fireball characteristics 
are different at high altitudes. The fraction, of 
the energy of fission converted into blast and 

. ei9 



Shock decreases with increasing altitude and a 
larger proportion is in the form of thermal 
radiation. However, the fraction of explosion 
energy emitted as nuclear radiation is not af- 
fected by altitude. The radiation can travel 
fkster and farther in the thin air but will be so 
widely scattered in the stratosphere that there 
is little danger from the initial nuclear radiation 
from a high altitude burst. The residual radi- 
ation that reaches the earth can be very wide- 
spread. 

Much of the thermal radiation will also be 
dissipated by the time it reaches the earth, so 
the effect is negligible. The blast wave set up 
by the explosicm travels faster and farther in 
the low-density air, but by the time it reaches 
the earth, the overpressure and blast front has 
died down to a small amount, so no damage 
results. 

The difference in the fireball is startling. 
The speed with which it develops, ris^s, and 
spreads to tremendous size is fantastic. The 
fireball from the 1- megaton TEAK burst in the 
Pacific could be clearly seen for over 700 miles. 
It appeared as a large red luminous sphere (fig. 
14-10), and within seconds, a brilliant aurora 
appeared from the bottom of the fireball and 
purple streamers were seen to spread toward 
the north. The aurora was observed at a 
distance of 2,000 miles from the detonation, 
though the fireball could not be seen there. 
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Figure 14- 10.-FirebaU and red luminous spher- 
ical wave formed after the TEAK high-altitude 
shot. The photograph was taken at Hawaii, 780 
miles from the explosion. 



315 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



The extreme brightness of the fireball is 
capable of producing effects on the eyes at 
great distances. 

The TEAK shot was made at an altitude of 
nearly 50 miles, and the ORANGE shot was 
made at an altitude of about 27 miles. The ef- 
fects of the denser air in the ORANGE shot were 
clearly shown in the smaller size and lesser 
speed of the fireball and the diminished aurora. 

Effect On Radio and Radar 
Comm anications 

The detonations caused widespread dis- 
turbances in the ionosphere which affected the 
propagation of radio waves and other electro- 
magnetic radiations of relatively long wave- 
lengths. The TEAK and ORANGE shots disrupted 
radio communications in the very-low-frequency 
range at distances over 3|000 miles from ex- 
plosion. Other frequencies were affected for 
different lengths of time and different distances. 
The disturbances caused by the initial radiation 
can be continued by the fallout radiaticxi. This 
may occur hours after the detonationi continuing 
the communications blackout for many hours. 

The effects on radar are similar if the signal 
mtist pass through the ionosphere. Interference 
with search and tracking radars in weapons 
systems can be important, even critical. 

From observations of the high-altitude test 
shots, some charts have been prepared to show 
the effects on electromagnetic radiaticxis used 
in radio and radar. Factors that influence the 
effects include moisture content of the air, 
density, of the air, wavelength tised by the radio 
or radar, height of the burst, energy yield of the 
burst, location of the radio or radar station 
with relation to the burst, and a number of other 
factors. With so many variables affecting the 
result, it is difficult to predict just what will 
happen to the conummications of a particular 
installation. 

Although, we have spoken of electromagnetic 
disturbances in connection with Mg^ altitude 
burstsy no matter wher e the bur 
are inevitably some A spmewhiait 

simUw expliosiye-eTC^^^ occiir r ^ce in niaiture 
is lightning. The technical aspects of effects 
on radio and radar are not completely under- . 
stood, but a reasonably accurate pictiife of ef-^ 
fectis of the bwst on electromagnetic signals 
can be computed from the facts revealed by 
tests of nuclear devices* 



EFFECTS OF NUCLeXr EXPLOSIONS 

The effects of nuclear explosicxis may be 
classed as immediate and delayed effects. 
Those which occur within a few minutes after 
the explosion include air blast, ground or under- 
water shock, thermal radiation, and initial 
radiation. The delayed effects are chiefly 
those of radiation from fallout and neutron- 
induced radioactivity, but fires caused by ef- 
fects of blast and shock may be considered 
delayed effects. 

DAMAGE CRITERIA 

Basic Ghraph 

In assessing the damage caused by any 
explosion^whether ''conventional** ornuclear^ 
it is convenient to represent the varioiis in- 
tensities or damage, and the areas subjected 
to each intensity, as a series of concentric 
circles about the detonation point. See figiure 
14-11. 

Of course figure 14-11 is a simplified and 
generalized graph. To show the data gathered 
from the study of any particular explosion, this 
graph will have to be modified in oneor several 
ways. For a nuclear explosion, the several 
kinds of damage, and their separate or combined 
effects on equipment and personnel, are so varied 
that a series of graphs often becomes necessary 
to tell the story. 
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Figure 14-11.— Zcxies of damage by an explosion. 
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It may be desirable, also, to show a larger 
number of damage Intensities than the four 
indicated in figure 14-11. 

In actual practice there are no lines of 
demarcation between one damage area and 
another. Furthermore, the damage areas will 
seldom be perfect circles; sometimes they 
will vary greatly from the circular form, ex- 
cept on the open sea. Winds, geographical 
features, and other factors can deflect the con- 
tours of the areas a great deal. Nevertheless, 
for preliminary considerations, figure 14-11 is 
a useful tool for defense and recovery planning. 

Damage Areas 

In any effective explosion of bonib type 
ammunition, there is a large or small area about 
the point of burst where total destruction of 
equipment and personnel must be taken for 



granted. In a nuclear explosion at or below 
the surface, nothing within or near the fireball 
will be s^vageaWe. With an air burst (except 
a very high one), groimd zero and a greater or 
lesser area surrounding it can be considered 
completely demolished. For a nuclear weapon 
of any type, the area of TOTAL destruction is 
many times larger than for a conventional 
weapon of comparable size. Figure 14-12 
iUustrates graphically the damage areas for 
the different effects of nuclear explosions com- 
pared with explosion of conventional chemical 
explosives. 

The size of the areas within which various 
degrees of destruction may be expected depend 
primarily upon the energy yield of the explosion 
and the conditions of the burst, that is, air 
burst, surface burst, etc., and the height or 
depth of the burst. The topography and the 
weather also affect the size of the areas. 
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Figure 14.12. -Comparison of characteristics effects of nuclear vs. chemical explosiJlf^'^^ 

(assuming equal weight of explosive). 
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The general concliisions ccxicerning ex- 
pected effects of nuclear explosions on various 
targets are based on a combination of theoret- 
ical analysis with data obtained from actual 
nuclear explosionSi both in Japan and at various 
test sitesi as well as trom laboratory studies. 
While no exact prediction of the effect on specific 
types of structures can be made, the con- 
clusions are considered to be most represent- 
ative for the situations that might be encountered 
in actual target complexes. 

DAMAGE ZONES ASHORE.-In the area im- 
mediately surrounding ground zero (zone A| 
fig. 14-1 l)i destruction is usually total; no 
personnel or ordinary buildings have much 
chance of survival. In the Japanese bombings^ 
although some earthquake-resistant buildings 
were not demolished, the interiors were de- 
stroyed and all people in them were killed or 
died soon afterward from radiation received. 

Zone B| the area of severe or heavy damage, 
is about three times as large as zone A. In this 
area personnel injuries and damage to buildings 
would be severe, but not complete. Many build- 
ings, much equipment, and many persons would 
be lost, either within a few seconds after detona- 
tion or as a result of secondary phenomena. 
Some buildings and equipment, and some people 
as well, might suffer only minor primary 
damage. The final number of casualties in the 
heavy damage area would depend, in part, (xithe 
speed, level -headedness, ingenuity, and coop- 
eration displayed by disaster-recovery perscxi- 
nel, and all personnel in the area, as well as on 
previous preparation for the emergency. 

The C zone is a still larger circular belt of 
lesser damage surrounding the B zone.. In the 
zone of MODERATE damage, there would, of 
course, be some heavy damage to light equip- 
ment and structures. There would also be some 
fatalities and severe casualties to personnel. 
Some persons, however, would be unharmed, and 
many would be able to do useful work after 
receiving sixnple first aid. The great problems 
would be (1) topreventpanicand(2)to utilize all 
able-bodied (and mentally or emotionally com- 
petent) personnel in damage control and disaster 
recovery. At a shore station, fire fighting 
(possibly with severely damaged equipment) 
would be vitally necessary. 

Within the zone of SUGHT^amage, the main 
problems wouU be to prevenTpanic^ to ascertajin 
that previously trained teams and gro\ips are 
functioning prqperly, and to make such adsq;yta- 
tions as are ordered by higher authority. One 



duty, even in this area, would be to watch for 
fires and get them under control. 

This chapter will not go into details about 
''atomic defense" or ''disaster control." As a 
junior officer you will receive further indoc- 
trination in fundamental procedures and will be 
assigned a definite responsibility for some part 
of the total program of your ship or station. 

SHIP DAMAGE.— The various degrees of ship 
damage that may result from nuclear detonations 
are groined into damage categories. These are 
standard Navy definitions that apply to surface 
vessels. Each category is defined to describe 
the extent of impairment or loss of opec ational 
capability through material damage. 
I Sunk^That degree of damage which results 
in ISSs^the ship due to imcontroUable flooding 
or loss of longitudinal strength. 
i) Immobilize d. —That degree of damage to the 
inklh pt^dpuIsTon equipment or its vital auxiliary 
machinery which precludes maintaining steer- 
age way. Repairs at sea are impossible; salvage 
or own destruction required. 

Severe Damag e.— That degree of damage 
wlUi^h renders the ship barely capable of making 
headway to the nearest facility either afloat or 
ashore. The military efficiency of the ship is 
near zero. Loss of the ship is imminent in 
foUowup attack. ^(P - H^fi^id t/Hi^t^v^^t^'ia^ 
4 Severe Tops ide Damage ^— That degree 
damage to top&ide Struciurd, armament, equip- 
ment, and appurtenances which destroysor seri- 
ously impairs the offensive aspects of military 
efficiency. Retirementfrom action at or near full 
power however, is possible. Restoration re- 
quires availability of a repair facility. 
If Opera tional Damage. — Thatdegree of damage 
to some vital ship coifcral equipment or offensive 
armament which prevents the ship from effec- 
tively carryli« out her assigned mission. Out- 
side' assistance is required to restore casualty. 
Ship is capable of retirement and has reasonable 
capability for self-defmse. 
\f MnH^yatp namagft.^That degree of damage 
that is within the capability of the ship's force 
to restore to an extent which will permit limited 
offensive employment of the ship. Repair 
facilities are reqtUred to restore fuU military 
capability. 

^ Light DamaKSkr-That degree of damage that 
is'^TttMirtfieimmeaiate capability of the ship's 
force to restore at sea and which will restore 
full military capability. 

In modern naval formations, the most ships 
would probably be in the damage-survival area. 
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The non-nuclear effects occur very quickly^in 
seconds to minutes after the burst Of these, 
the mechanical effects can cause damage 
throughout the shipi but the thermal radiation 
can cause damage only to the surface exposed 
directly to the radiation. The types of damage 
and modes of destruction or damage are de- 
scribed in succeeding paragraphs. The con- 
clusions reached about damage to ships are 
based on the observations of tests with nuclear 
devices. Effects on shore structures were 
determined by studies of the results of the 
J^anese bombings and of ttie tests made at the 
Nevada test site and at Eniwetok. Structures of 
different materials and of different construction 
were placed at varied distances in each of the 
several tests. Effects on personnel were 
studied following the Japanese bombings. 

AIR BLAST 

As already mentioned, an air burst of a 
nuclear weiqpon above a target has tremendous 
destructive capability and therefore great mil- 
itary usefulness. For a short distance fromthe 
fireball, the blast damage trom a surface burst 
may be even greater, but the effective range 
tends to be shorter. Blast damage can also stem 
from shallow stibsurface bursts. 

The primary difference In blast effects ft'om 
a nuclear e^loslon and from high e3q>loslves Is 
one of magnitude; the nuclear e>q)loslon pro- 
duces many times the damage of the high ex- 
plosive. Another Important difference Is In the 
blast wave (fig. 14-12). In a nuclear explosion, 
the combination of hiffx peak overpressure, high 
wind (or dynamic) pressure, and longer duratlcm 
of the positive (compression) phase of the blast 
wave results In mass distortion of buildings, 
similar to that produced by earthquakes and 
hiurrlcanes. 

Blast damage from a nuclear explosion really 
has two distinct causes. One cause lathe over- 
pressure that has already been defined and 
described. The other cause is the drag exerted 
by the nuclear windstorm. 

Overpressure Damage 

A given point In space Is sut^ected to peak 
overpressiure when the primary blast wave (or, 
in the Mach region, the Mach wave) strikes It. 
This Is the time when a structure or vehicle is 
most liable to collapse, as thoufl^ £rom a hard 



blow. After the peak, the atmospheric pressure 
at the given point gradually drops back to nor msa. 
Shortly afterward, thepressure Is reduced below 
normal by the suctlonphase of the explosion. The 
drop below normal Is never as great as the 
previous rise above It; but It, too, can cause 
damage. 

Massive, comparatively low buildings of 
reinforced concrete, and low masonry buildings 
strengthened by heavy steel skeletons, are the 
only structures Ukely to withstand 15 or more 
psl (poimds per square Inch) of peak overpres- 
sure without severe damage. Light wood 
or masonry buildings-typical living 
accommodations— receive moderate damage 
from 2 to 3 psl overpresswe. How far this 
amount of overpresswe is from ground zero 
depends on the height and the energy of the burst. 
In Japan, nearly everything at close range, ex- 
cept structures and smokestacks of reinforced 
concrete, was destroyed. Telephone poles were 
sn^ed off at ground level; large gas storage 
tanks were rxiptured and collapsed the crush- 
ing action of the blast wave. 

Naval vessels are constructed to withstand 
battle shock and constant poimdlng from the 
waves. Peak overpressures of 5 psl cause light 
damage to most types of surface ships, while 
overpressures required for severe damage vary 
f^om 25 psl for destroyers to 40 psl for heavy 
cruisers. A ship's boilers, uptakes, and ven- 
tilation system are especially vulnerable to 
overpressiure. 

Some tanks and other heavy-duty shore equip- 
ment have withstood 20 to 30 psl. 

Strangely enough, the human body has been 
known to stand short-term overpresswes up to 
100 psl without severe or permanent damage. 
The sharpness of the rise and the length of time 
imder pressure make a difference. 

Laboratory and field studies with animals 
Indicate that a peak overpressure of 35 pounds 
per square Inch (If the rise time Is short) with a 
positive phase duration of 400 milliseconds (0.4 
second) can cause death In human beings. The 
direct blast effect was not specifically recog- 
nized as a cause of fatality In Japsn, but It no 
doubt was a significant cause of death In a lai'ge 
number of those who received additional lethal 
Injuries from thermal and nuclear radlatloiiS, 
debris, falling walls, and fire, tt was Im- 
piraslble to assign the specific cause of death of 
those who were in the zone of greatest damage. 
Beyond that zone, many must have died because 
of the complete disruptlm of medical services. 
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Of those who survived, lung hemorrhage was 
reported, but other injiuries usually complicated 
the picture. Ruptured eardrtmAS were more 
common. Temporary loss of consciousness was 
reported by some who survived with no other 
apparent serious injiiries. 

Direct blast injuries that result in early 
death are air (emboli) in the arteries, lung 
damage, and heart injury which cause death 
upon even slight activity after injury; various 
bone fractures, severing of major blood ves- 
sels, violent impact, and others. As pointed out 
above, it was inqpossible to determine incidence 
of specific injuries or specific overplressures in 
the Japanese cases. Direct blast injuries have 
been caused by conventional explosives, but the 
situation is different because of the short 
duration of the positive pressure phase in con- 
ventional esqplosions, which may be from about 1 
to 15 milliseconds. 



Drag Damage 

Damage from a nuclear air burst is caused 
by static pressure variations, wind (or dynamic) 
pressure, and flying objects. Most of the damage 
to structures is caused by the positive phase of 
the pressures; however, there are some struc- 
tures which suffer greater damage from the 
dynamic pressure. Pressure produced on a 
building as a result of overpressure is known 
as /^fraction loading.'' The air pressure 
bends or ''diffracts'' aroundthestructm^esothat 
the structure is eventually engulfed by the blast 
wave, and approximately the, same pressm^e is 
exerted on the side walls and the roof. 

Forces produced on structures as a result 
of dynamic pressure are known as ''drag load- 
ing." This type of loading is caused by the 
transient winds behind the blast wave front, 
and they push and pull or drag the structure 
dovm* 

An air burstischaracterizedbyviolentwlnds 
blowing radially outward from ground zero and, 
a short time later, by atterwinds blowing inward. 
Thellrag of these winds is particularly destruc- 
tive to lightweight walls, and to tall objects such 
as antennas and flagpoles. Power lines, bridge 
spans, and parked vehicles are also vulnerable 
to drag. . 

. Tables have been conqpUed to show the iypes 
of. buildings, structures, and equipment most 
often affected by each type of pressure,and the 
type and extent of damage suffered. Such tables. 



graphs, and charts may be found in the refer- 
ences cited in the bibliography. 

Drag, rather than overpressure, is the blast 
phenomenon that seriously threatens the many 
personnel who might otherwise suffer only slight 
injiu^ies. The winds of a nuclear explosion can 
impel heavy or sharp ot^ects with tremendous 
force, thus converting everyday materials into 
deadly weapons. A man who has survived peak 
overpressiure intact may leave cover too soon, 
only to be killed by a brickbat hurled against 
his temple, or a glass splinter driven into or 
through his body. This is "missile hazard." 

Table 14-1 and figure 14-13 given some in- 
dication of the relationships between overpres- 
sure, wind velocity and dynamic pressure (drag 
force). Dynamic pressure is a function of the 
wind velocity and the density of air behind the 
shock front. Like the peak shock overpressure, 
the peak dynamic pressure decreases with in- 
creasing distance from the explosion center, 
although at a different rate, as can be seen in 
the illustration. (The dynamic pressure de- 
creases more rapidly than does the shock over- 
pressure.) 

For the purpose of this orientation, let it be 
said that certain structures are more sus- 
ceptible to damage by the drag forces in- 
herent with air blast, while others are more 
sensitive to shock overpressure. The material 
used in the construction is only one of the 
factors influencing the effects of the blast force. 



AMBIINT 




100.31 

Figure 14-13.— Variation of overpressure and 
dynamic pressure with time at a fixed location. 
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Table 14-1.— Overpressure, Dynamic Pressure, 
and Wind Velocity in Air at Sea Level for an 
Ideal Shock Front 



Ground Shock 



Peak 
over- 
pressure 
(psi) 



72 
50 
30 
20 
10 
5 
2 



Peak 
dynamic 
pressure 

>si) 




1170 
940 
670 
470 
290 
160 
70 



The method of construction, size and shape of 
the building, and orientation with relation to the 
blast are some of the other factors in the dam- 
age resulting. 

Considerable information on the effects of 
blast on different types of structures was ob- 
tained in tests at the Nevada TestSite, y^ere 
different types of residential structures were 
constructed for the purposes of the test. Fallout 
shelters were built into many of the basements 
of these test structures, and provided invaluable 
information needed for recommendations on con^ 
struction of fallout shelters. 

Nuclear— High Explosive Comparison 



Although the blast effects of nuclear and con^ 
ventional explosives were compar edinthe begin- 
ning of this chapter, an additional difference 
between the two should be pointed out here. The 
combination of very high peak overpressures, 
together with the much longer duration of the 
positive phase of the blast wave from nuclear 
explosions, results in ''mass distortion" of 
buildings and structures— similar to that caused 
by earthquakes. An ordinary explosion will 
usiially damage only part of a large* building, 
but the nuclear blast can surround and destroy 
it entirely. 

SHOCK 



As has already been mentioned, ground shock 
resembles a small earthquake, except that it 
== originates much nearer the surface. 
Maximum Ground shock is a threat to land-based per- 
wind sonnel, because it can demolish or damage un- 
velocity derground shelters. In the bomb crater, of 
///^course, these would be totally destroyed. For 
a short distance beyond the actual crater, the 
zone of total destruction would continue. Beyond 
that would be a zone of heavy damage consisting 
of severe distortion and partial collapse. 

The effects of underground shock tend to fall 
off rapidly, however. Too, when shock ceases to 
be severe, effects from it become almost neg- 
ligible. Isi a subsurface burst, if any part of the 
fireball breaks through the surface, the blast 
damage above groimd is likely to be more ex- 
tensive than the shock damage below it. 

Buried utility pipelines would be destroyed 
within the crater and would be damaged at 
distances up to three times the radius of the 
crater. Near the crater, the pipes themselves 
would rupture. Farther out, the joints, especially 
between horizoitfal pipes and risers, would tend 
to ritpture. 

Well constructed tunnels and subways, par- 
ticularly in granite bedrock, are resistant to un- 
derground shock. Complete demolition wouldbe 
likely to occur only within or near the bomb 
crater. 

As might be expected, the severity of ground 
shock is related directly to the size of the 
detonation. However , other factor s are involved. 
The type and condition of the soil, the material 
and type of construction of the underground 
structuresi and the orientation of the structures 
with relation to the explosion all influence the 
type and extent of damage. Shallow buried 
structures and utility pipes beyond the crater 
and rupture and plastic deformation zones are 
likely to suffer more damage from the air blast 
loading than firom ground shock. Structures that 
are partly above ground.and partly below ground 
will, of course, also be affectedly the direct air 
blast. 



When all or {uurt of the fireball strikes or is 
formed below the surface, a shock front in the 
earth (or water) correspionds to the blast frcxit 
In the air. 



Underwater Shock 

.A shock wave formed under the surface of the 
wate]^ behaves much like a similar wave in air. 
Since water is a denser fluid than airithe values 
of normal pressure an(l overpressure are cor- 
respon^igly higher, the reduction after peak 
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overpressure is more gradual than in air. On 
the other hand, the duration of tlie shock wave 
in water is shorter than in air. 

The velocity of sound in water under normalri 
conditions is nearly a mile per second, almost 
five times as great as in air. When the peak 
pressure is high, the velocity of the shock wave 
is greater than the normal velocity of sound. 
The rate of motion of the shock txont becomes 
less at lower overpressures and ultimately sqp- 
proaches that of soimd, as it does in air. j 

The shock wave in water may produce a 
reflected wave by striking the bottom or any 
rigid submerged object. Jt conditions 
favorable, the primary wave and the reflectedV 
wave may fuse to produce a phenomenon com- | 
parable to the Mach front in air. ^ 

When the shock wave touches the upper (or 
air) surface of the water, a peculiar phenomenon 
occurs. Because air is lighter and less resistant 
than water, the wave reflected back from the 
contact point is a JIAREFACTION (or suction) 
wave. When the ^ufatUoii wave reaches any 
given point below the surface, a sharp pressure 
reduction, called X^UTOFF, o ccurs. This neg- 
ative pressure pha9e IS US Short duration. The 
time interval between the arrival of the direct 
shock wave at a particular location (or target) in 
the water and that of the cutoff, signaling the ar- 
rival of the reflected wave, depends upon the 
depth of burst, the depth of the target, and the 
distance from the burst point to the target. If 
the underwater target (ship bottom) is close to 
the surface, then the time elapsing between the 
arrival of the two shock fronts will be small and 
the cutoff will occur soon after the arrival of 
the shock front. This may result in a decrease 
in the extent of damage sustained by the target. 

One phenomenon tends to neutralize the other, 
thus reducing the damaging power of the e^qplo- 
sion. For shallowly submerged targets, there- 
fore, nuclear weapons may not always be fully 
effective. 

The primary shock wave of an underwater 
nuclear e3q>losion strikes the target ship or other 
object with a sudden violent blow. In this action 
a nuclear we2q[>on resembles a conventional one— 
with one significant difference. The conventional 
weapon drivers its blow at a single point or over 
a comparatively small area, while the nuclear 
e3q)losion acts simultaneously over a large area 
with all encompassing force. 

Underwater shock damages a vessel in one 
(or both) of two ways. First, it may rupture or 



at least weaken the hull. Second, it may distort, 
rupture, or break loose any of the various ship's 
com}r>v;ents or installations. Piping, shafting, 
air vents, and boiler brickwork are susceptible 
to damage. Platforms supporting heavy equip- 
ment may be weakened or thrown out of proper 
alignment. Light objects may be thrown about so 
violently that they become a serious threat to 
personnel. Electronic, fire control, and guided 
missile equipment is likely to be rendered in- 
operative, at least temporarily. The damage to 
equipment appears to be related to the peak 
velocity imparted to the equipment by the shock 
wave. The damage to the hull of the ship is 
related to the energy per uiiit area of the shock 
wave, evaluated up to a time corresponding to 
the surface cutoff time at a characteristic depth. 
In the Bikini underwater test, light interior 
equipment, especially electronic equipment, was 
damaged at ranges consider ably beyond the limit 
of hull damage. 

Part of the shock energy of a shallow under- 
water burst is transmitted through the surface 
as a shock (or blast) wave of air. This air blast 
caused some damage to ship stiperstructures in 
the tests. 

In the effects just mentioned, an underwater 
nuclear burst is similar to a conventional mine 
or depth charge. The major difference lies in 
the extended damage radius of the nuclear wea- 
pon. The nature and extent of damage sustained 
by a surface vessel from underwater shock will 
depend upon the depth of the burst, yield, depth 
of water, range, the ship type, whether it is op- 
erating or riding at anchor, and its orientation 
with respect to the position of the explosion. In 
vessels underway, machinery will probably suf- 
fer somewhat more damagethanthose at anchor. 
Underwater structures such as harbor instal- 
lations, are damaged by the shock wave. In the 
Bikini test, the floored the lagoon was drastically 
altered by the explosion. 

From studies of the underwater burst at 
Bikini, charts have been prepared to show the 
extent of the various effects of such an ex- 
plosion at different depths and distances. Some 
70 ships of different types were placed in and 
near the test area. Figure 14-14 shows the ex- 
terior damage to one of them. Analysis and 
eyaluaUon of the damage pr oduced much valuable 
information on the effects of underwater bursts, 
and, conversely, ideas on how to .prevent or 
minimize damage. 
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Figure 14-14. -Flight deck of carrier Independence after test at Bikini. Blast pressure entered 
the hangar deck from the side, through riqpturing of side curtains. Flight deck was bulged upward 
whereas hanger deck below was dished downward. 



THERMAL RADIATION 
Description 

Within a few milliseconds after the detona- 
tion of a nuclear weapon, intensely hot gases, at 
tremendously high presswes, rapidly form a 
highly luminous mass known as the ''fireball" 
or "ball of fire.'' At about seven-tenths of a 
millisecond, the fireball firom a 1 -megaton 
nuclear weapon would appear to be more than 
30 times as bright as the sun at noon to an ob- 
server 60 miles away. Although the size of 
the fireball will vary with the bomb energy, 
the luminosity does not vary greatly. How- 



ever, the larger the yield of the weapon, the 
longer will be the PERIOD of luminosity. Within 
this seven-tenths of a millisecond from time 
of detonation, the fireball of al-megaton weapon 
will have reached a diameter of 440 feet. The 
fireball ikicreases to maximum diameter of about 
7200 feet at plus 10 seconds. It Is then r^^ing 
at the rate of approximately 200 mph. After a 
minute, the ball of fire has cooled to an extent 
that It Is no longer visible. 

The nuclear explosion has often been com« 
pared to the conventional high explosive deto- 
nation in that, except for the yield and nuclear 
radiation Involved, they can be considered 
similar. When referring to thermal effects. 
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this can be a poor comparison because of the 
very large proportion of energy released as 
thermal radiation by a typical nuclear explo- 
sion. As was Illustrated in figure over 
one-third of the energy of a typical nuclear 
explosion manifests itself in the form of thermal 
radiation. Too, the temperatures involved in a 
nuclear explosion are much higher than with 
conventional explosives. 

Thermal radiation travels with the speed of 
light, so that the time elapsing between its 
emissicm from the ball of fire and its arrival 
at a target a few miles away, is quite insignif- 
icant. 

ultraviolet (short wave length) as well as visi^ 
j)le and infrared (long wav<^ i^^igth) ray a^ Du^ 
to certain phenomena associated with the ab- 
sorpticxi of thermal radiation by the air in 
front of the expanding fireball, the SURFACE 
temperature imdergoes a curious change. While 
the interior temperature of the fireball foils 
steadily, the surface temperature decreases 
more rapidly for a small fraction of a second, 
then tt increases again for a somevAiat longer 
time, after TK^ich it falls continuously. In 
other words, there are effectively two surface- 
temperature pulses--the first of very short 
duration, the second lasting for a relatively long 
period of time (fig. 14-15). These surface- 
temperature pulses correspond to the pulses of 
thermal energy radiated from the fireball in 
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Figure 14-15.— Emission of thermal radiation 
in two pulses in an air burst. 



bursts below 50,000 feet. (In high altitude 
bursts there is only one thermal radiation pulse.) 
In a l«-megaton nuclear explosion, the first 
pulse lasts for about a tenth of a second. The 
temperatures are very high, and much of the 
radiation is in the ultraviolet region. The 
situation with regard to the second pulse is 
quite different. This pulse may last for several 
^econds and it carries about 99% of the total 
dermal radiation energy of the nuclear ex- 
plosion. The temperatures are lower than in the 
first pulse, and most of the rays reaching the 
. earth are visible or infrared (invisible) light. 
It is this n(!diation that is main cause of skin 
bums suffered by exposed individuals up to 12 
miles or more, and of eye effects at even 
greater distances from a 1- megaton explosion. 
The warmth may be felt as faraway as 75 miles. 
Since thermal radiation is largely stopped by 
ordinary opaque materials, buildings and cloth- 
ing can provide protection. The radiation from 
the seccxid pulse can cause fires to start at 
ccmsiderable distances from the burst. This 
difference between the injury ranges of thermal 
radiation and the other effects mentioned be- 
comes more marked with increasing nuclear 
weapon yield. 

The most important physical effects of the 
his^ temperatures resulting from the absorption 
of thermal radiation are: burning ofthe skin and 
scorchingi charringi and possible ignition of 
combustible organic siibstances such as wood, 
fkbrics, and paper. 

Thin or porous materials, such as light- 
>veight fabrics, newspaper, dried grass, and 
dried rotted wood, will flame Tirtien exposed to 
sufficient thermal radiation (with adequate 
oxygen supply). 

Effects on People 

Thermal radiaticxi can be the cause of flash 
burns or flame bums. Flash bums are directly 
caused by the radiant energy of the fireball. 
Flame bums are distinguished from flash burns 
in that they are caused by fire, no matter ivhat 
the origin. Flame burns occur as a secondary 
result of thermal radiation, for example, those 
resulting from the fires started by thermal 
radiation. 

..The very large number of flash bums was 
one of the most striking facts about the nuclear 
bombing of Japan in World War II. It has been 
estimated that 20 to 30 percent of the fktal 
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casualties at Hiroshima and Nagasaki were due 
to nash bums, as distinct from flame burns. 
Though significant, it should be realized that 
these illustrated results were magnified be- 
cause the atmosphere was very clear and the 
summer clothing worn was lig^t and scanty. 

Moderately large doses of ultraviolet ra- 
diation can produce painftil blisters. Even small 
doses can cause reddening of the skin. How- 
ever, in most circumstances, the first pulse of 
thermal radiation is not a sig^icant hazard as 
fitr as skin burns are concerned. 

Perhaps the most serious consequence of 
thermal radiation is its ability to produce serious 
burn injury to personnel at long ranges. 

Conventionally, burns are classified ac- 
cording to their severity, in terms of degree 
(or depth) of injury. In first-degree burns 
there is only redness of the skin. A moderate 
sunburn is an example of a first-degree burn. 
Healing should occur without special treatment 
and there will be no scar formation. 

Second degree burns are deeper, more 
severe, and are characterized by the formation 
or blisters. A severe sunburn is an example of 
a second-degree burn. 

In third-degree burns, the full thickness of 
the skin is destroyed. Unless skin grafting 
techniques are employed, there will be scar 
formation at the site of the injury. 

The extent of the area of skin which has been 
burned is also important. Thus, a first degree 
burn over the entire body may be more severe 
than a third degree bum to one spot. The larger 
the area burned, the more likely is the appear- 
ance of symptoms involving the whole body. 
Further, there are certain critical, local 
regions, such as the hands, where almost any 
degree of burn will incapacitate the individual. 

In other words, all persons exposed to 
thermal radiation from a nuclear explosion 
within a range in v^ich the energy received is 
sufficient to cause second-degree (at least) 
flash burns will be potential casualties. Some 
will be protected to some extent againstthermal 
radiation and may not be Incapacitated. 

From information available, calculations 
have been made of the thermal radiation neces- 
sary to produce each degree of burn. Differences 
in skin pigmentation cisiuisie variations, but an- 
average is used. Other variations that are in*- 
eluded in ;fhe computatiotis are the isize of the 
burst, the height of the burst, the atmospheric 



conditions (clouds, smoke, moisture content), 
and the atmospheric pressre. 

Figure 14-16 in included to show the ranges 
for moderate first-, second-, and third-degree 
burns from nuclear explosions. The graph is 
computed assuming a typical air burst with clear 
atmospheric conditions prevailing. For a typical 
surface burst, the distances would need to be 
scaled down to about 80 per cent of those stated. 

If the detonation takes place at high altitude 
vAiere the air pressure is quite low, the situation 
is different. If the atmosphere is hazy the 
distances shown on the chart may be too great. 
They are certainly too large if there is a sub- 
stantial cloud layer of smoke below the point of 
burst. 
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Figure 14-16.-Ranges for first- second- and 
third de|ree burns as a function of total energy 
yield. 
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Eye Damage 

Another danger of a nuclear explosicxi is its 
possible affect on the eyes. Thermal radiation 
can cause both retinal burns and flash blindness. 

The first pulse of thermal radiaticxi, which 
seldom causes skin burns, is, however, capable 
of producing retinal burns (permanent or tem- 
porary effects on the eyes), especially in in- 
dividuals whohappentobelookinginthedirection 
of the explosion. Numerous cases of flash blind- 
ness (temporary ) were found among the Japanese, 
but only one case of retinal injury was reported. 

This is because of the more or less remote 
chance that an individual will be looking directly 
at the ball of fire. The chance of temp .^rary 
"flash blindness^' or "dazzle,'' due to the 
flooding of the eye with brilliant light was much 
more prevalent than retinal burns. Flashblind- 
ness is of a temporary nature and vision is. 
regained within a comparatively short time. 
However, flash blindness is of military signif- 
icance, since it may extend to 2 or 3 hours. 

Because of the focusing action of the lens of 
the eye, enough energy can be collected to 
produce a burn on the retina at such distance 
from a nuclear explosion that the thermal 
radiation intensity is too small toproducea skin 
burn. As a resultof accidental exposuresduring 
nuclear tests, a few retinal burns have been 
experienced at a distance of 10 miles for the 
explosion of a 20- KT weapon. It is believed that 
under suitable conditions, suchburns might have 
resulted at even greater distance. Retinal burns 
occur so soon after the explosion that reflex 
actions, such as blinking and contracticxi of the 
eye pupil, give only limited protection. Inall in- 
stances, there will be at least a temporary loss 
of visual acuity, but the ultimate effect will 
depend on the severity of the burn and on its 
location on the retina. 

Eye damage is greater under nighttime con- 
ditions. In tests with rabbits and a high altitude 
burst of 1-megaton, chorioretinal bums oc- 
curred at slant ranges up to 345 miles. No 
measurements were made beyond that range, so 
it is not known how far away retinal bums might 
have occurred. Although there are differences 
between human and rabbit eyes and the data 
have not been extrapolated for human eyes;«it is 
believed that a 1-megaton high-altitude burst 
endangers the eyes of human beings at distances 
greater than 200 miles, and possibly as far as the 
eye can see. 



Effects Upon Materials 

When thermal radiation strikes any material 
or object, part may be reflected, part will be 
absorbed, and the remainder if any, will pass 
through and ultimately strike other materials. 
It is the radiaticxi absorbed that produces the 
heat damage suffered by the mate rial. The nature 
of the material and its color deter mine the extent 
or amount of absorption of the radiantheat. 

Tables have been compiled showing the 
radiant exposure required to ignite different 
types of fabrics, householdmaterials, and forest 
fuels. Table 14-2 lists some of the materials 
and the approximate nuniber of thermal calories 
per square centimeter required to produce the 
burning or charring effect. The chart in figure 
14-17 shows the thermal energy received at 
various slant ranges from different size weap- 
ons. The figures given are not absolute, since 
different conditions of the atmosphere cause 
variations in the amount of thermal energy 
reaching a certain point. The graph assumes a 
reasonably clear state of atmosphere, that is, 
a visibility of 10 miles or more. 



Table 14-2 



Effects 


Approx. cal/cm^ 
required: 


1 KT 


100 KT 


lOMT 


Second-degree bare 








skin bum 


4 


5 


9 


Newspaper ignitioi 


3 


5 


9 


White pine charring 


10 


18 


32 


Army khaki summer 








uniform destruction 


18 


31 


56 


Navy ^ite uniform 








destruction 


34 


60 


109 



Thermal energies are expressed in calories 
per unit area— square centimeter. Note that 
the amount of energy required for burning, 
charring, etc., varies inversely with the yiekl 
of the nuclear weapon. This is because of the 
rate at ^ich the energy is delivered. For a 
given total amount of thermal energy received 
by each unit area of exposed material, the 
damage will be greater if the energy is de- 
livered rapidly than if it is delivered slowly. 
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This means that in order to produce the same 
thermal effect in a given material, the total 
amount of thermal energy (per imit area) re- 
ceived must be larger for a nuclear e3q[>losion 
of high yield than for one of lower yield, 
because the energy is delivered over a longer 
period of time, i.e. more slowly, in the former 
case. 

Unless scattered, thermal radiation travels 
in straight lines like ordlnjetry light. For this 
reason any solid, opaque material, such as a 
bulwark, gun shield, hUl, or tree, between a 
given object and the fireball will act as a SHIELD 
and thus provide protection from directthermal 
radiation. 

These effects were seen inJapanintheareas 
beyond the areas of complete destruction. The 
sides of telephone posts facing the blast were 
charred and blackened while the opposite Hide 
was unharmed. The same effect was seen on 
other materials and bbjects. 

The chart in figure 14-17 may be used to 
estimate the distanceat^ich specific materials 
are likely to be Ignited by a certain size nuclear 
burst. For example, how far from a 1-megaton 
burst can you expect ignition of housdiold items 
such as oily duet mops, oily rags, and crumpled 
newspapers? The average radiant e^qposure re- 
quired for Ignition of such items is 5 calories 
per square centimeter (5cal/sq.cm). On the 
chart, follow the line for 1 mt.uiitilit intersects 
the slant line for 5 cal/sq.cm., which you'll find 
is 11 miles. On an average clear day, fires will 
be started by absorption of thermal radiation in 
the materials named. Under other conditions, 
this distance is decreased. 

Fires that are caused directly by thermal 
radiation are called primary fires. Secondary 
fires are due to other causes, for \iAiich the 
blast is responsible, such as upset stoves, 
broken gas and fuel lines, and electrical short 
circuits. The evidence from Hiroshima and 
Nagasaki indicated that the greiat majority of 
fires were secondary in origin. Even though 
few fires may be started by the radiant heat 
from a surf alee burst, there will be many fires 
of the secondary type due Indire ^ly to the blast 
damage. 

FIRE STORM.-.NO matter what the im- 
mediate cause, a nuclear burst over a buUt&>up 
area will result in many fires burning simul- 
taneously over a wide area. Once the fires have 
started, the chances of their spreading will 
depend on the conibustibility and closeness of the 
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SLANT JtANGE FROM EXPLOSION (MILES) 

100.83 

Figure 14-17.-Slant ranges for specified ex- 
posures as function of energy yield of the 
e^qplosion. 

buildings, the nature of the terrain, the weather 
conditions, and the adequacy of the defense. 

"When a large area isbtuming simultaneously, 
the idienomenon known as ''fire storm'' may 
develop. Individual fires merge into one gigantic 
Inferno. As a result of the huge masses of hot 
air and gases rising from the fire, air is sucked 
in with great force. Strong winds consequently 
blow from outside toward the center of the area 
on fire. The effect is similar to the draft that 
sucks up a chimney imder ^ichafireis burning, 
except that it is on a much larger scale. Every- 
thing combustible in the area is burned. A fire 
storm is not produced onlyby a nuclear exposion 
nor does it necessarily follow one. Afire storm 
can be caused by an earthquake that results in 
many ''secondary'' fires (San Francisco), or 
from a forest fire, or incendiary bombs. The 
great Chicago fire, started by Mrs. O'Leary's 
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C0W| became a fire storm. The incidence of 
fire storms is dependent on the conditions ex- 
isting at the time of the fire. Although many 
fires were started in Nagasaki by the explosion, 
there was no definite fire storm because the 
winds blew the fire toward a thinly populated 
narrow valley where there was little material 
to feed the fire. 

RESISTANCE OF MATE RIA LS TO 
BURNING.— Highly reflecting and transparent 
substances do not absorb much of the thermal 
radiation and so are relatively resistant to its 
effects. A thin material will often transmit a 
large proportion of the radiation striking it, and 
thus escape serious damage. A dark fabric will 
absorb a much larger proportion of thermal 
radiation than will the same kind of fabric that 
is ^ite. However, a light-colored material 
v^ich blackens (or chars) readily in the early 
stages of exposure to thermal radiation will 
behave essentially as a dark material regard- 
less of its original color. 

Some bizarre skin bums were seen among 
the Japanese population. The pattern of thedress 
fabric was burned into the skin, with the deepest 
bums matching the dark stripes or pattern of the 
fabric. 

Thick organic materials, such as plastics, 
heavy fabrics, and wood more than 1/2 inch 
thick, char but do not burn. Dense smoke, 
even Jets of flame may be emitted, but the 
material does not sustain ignition. This type of 
behavior is illustrated in the photographs taken 
of a white-painted wood frame house during one 
of the nuclear tests inNevada. Asfigure 14-18A 
indicat e s , at virtually the instant of the explosion, 
the house became covered with thick black 
smoke, and no sign of flame. Very shortly 
thereafter, but before the arrival of the blast 
wave, the smoke ceased, as indicated in figure 
14-18B. The white paint coat reflected part of 
the thermal radiation and reduced the chance of 
fire. Presumably because the heat was partially 
conducted away from the surface, the tempera- 
ture was not high enough during the short ef- 
fective radiation pulse for the wood to ignite; 
however , thin c onibustible material would 
probably burst into flame at the same location. 

Range of Thermal Radiation 

ATMOSPHERIC CONDITIONS also play a part 
in the amount of thermal radiation received by 
a particular object. However, they do not play 
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Figure 14-18.— Effects of thermal radiation on 
white-painted exterior of wood frame house: 
A. Almost immediately afi:er explosion; B. Ef- 
fects as seen about 2 seconds later. 



as important a part inattenuating thermal radia- 
tion as was once suspected. When visibility is 
in excess of 2 miles (light haze or clearer), the 
total amount of thermal radiation received will 
be essentially the same as that on an "excep- 
tionally clear** day (visibility more than 30 
miles). This is because any decrease in direct 
radiation is largely compensated for by an in- 
crease in scattered radiation. 

When visibility is less than 2 miles because 
of rain, fog, or dense industrial smoke, there 
will be a definite decrease in radiant energy 
(thermal) x^eceived at any specified distance. 

CLOUDS can also affect the amount of ra- 
diant-^ energy received. For example, if an ex- 
plosion occurs about a cloud layer, there will 
be considerable attenuation at ground level. 
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Conversely, should an explosion occur beneath 
a cloud layer, some of the radiation vrtiich 
would normally have been lost to space will be 
scattered back to earth. 

Artificial white (chemical) SMOKE can be 
used to attenuate thermal radiation, for it acts 
like fog in this respect. A dense smoke screen 
between the point of burst and a given target 
can reduce thermal radiation to as little as 
one-tenth of the amount which would otherwise 
have been received at the target. However, 
there is not likely to be time to throw up an 
effective smoke screen in case of a nuclear 
explosion. ^ 

The effective range of thermal radiation is 
greater in open terrain and at sea, vdiere there 
is no protection from the radiant heat, than in 
built-up areas, where much of the radiation is 
obstructed^ The Bikini tests indicated that 
thermal radiation would not be an appreciable 
factor in producing damage at sea, since the 
exposed portions of naval vessels are prac* 
tically fireproof. However, this does not exclude 
the possibility of secondary fires involving such 
combustibles as gasoline or explosives >x^ere 
there has been extensive blast damage. 

NUCLEAR RADIATION 

It has been previously pointed out that 15 
per cent of the total energy yield of atypical 
nuclear weapon is distributed in the form of 
nuclear radiations (fig. 14-1). Let us explore 
further what this radiation consists of, how it 
occurs, and vAizt its dangers are. 

In any nuclear explosion there is an initial 
flux of radiations consisting mainly of gamma 
rays and neutrons. Both of these (especially 
gamma radiation) travel great distances through 
the air, and can penetrate great thicknesses of 
material. Remaining within the fireball are 
fission products and unfissioned bomb material. 
These fission products and unfissioned bomb 
material are also radioactive, and emit gamma 
rays and beta particles. This emission of beta 
particles and gamma rays from the radioactive 
substance is a gradual process, and its hazard 
therefore remains over a significant period of 
time. 

INITIAL NUCLEAR RADIATION is arbi- 
trarUy defined as that radiation emitt-ed within 
(approximately) the first minute after the ex- 
plosion. Initial nuclear radiation includes those 
neutrons and gamma rays given off almost in- 
stantaneously, as well as the gamma rays given 



off during the first minute by the radioactive 
fission produqjsi^n' the rising cloud. In that 
first minute thepmounts of gamma radiation 
from the explosion and from induced activity 
are about equal. 

Some alpha and beta particles are also 
emitted, but these have such short ranges and 
little penetrating power that they are not a source 
of danger in that first minute. Alpha particles 
can travel only 1 to 3 inches in air before being 
stopped; beta particles can go several hundred 
times farther, but even with their greater speed, 
they cannot penetrate a sheet of aluminum more 
than a few millimeters thick. It is the highly 
injurious nature and long range of gamma rays 
and neutrons that makes them such a significant 
aspect of nuclear explosions. 

RESIDUAL RADIATION is that emitted after 
approximately one minute from the instant of a 
nuclear explosion. This radiation originates 
mainly from the bomb residues; that is, from the 
fission products and, to a lesser extent, from the 
uranium and/or plutonium viAiich has escaped 
fission. Additionally, the residues will usually 
contain some radionuclides as a result of 
''neutron capture" by other weapon materials. 
Still another sourceof residual nuclear radiation 
is the activity induced by neutrons captured in 
various elements present in the explosion en- 
vironment. 

All of the nuclear radiation discussed thus 
far in this section is the result of fission re- 
actions. Neutrons are the only significant 
nuclear radiations produced in pure fusion 
reactions. Thus, it can be seen that for ex- 
plosions in vAiich both fission and ftision 
(thermonuclear) processes occur, the propor- 
tions of specific radiations will differ from 
those of typical fission explosions. However, 
for present purposes, the difference may be 
disregarded. Since gamma rays and neutrons 
cause similar type injury to humans, the com- 
bined effect may be considered, although the 
relative biological effectiveness (RBE) of neu- 
trons is much greater than that of gamma rays. 

Fallout 

As the height of burst of a nuclear ex- 
plosion occurs nearer the surface of the earth 
(or sea), larger and larger proportions of the 
earth (or water) enter the fireball and areftized 
or vaporized. When sufficient cooling has oc- 
curred, the fission products become incorpor- 
ated with the earth particles as a result of the 
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condensation of the vaporized products into 
fuzed particles of earth, etc. As the violent 
disturbance due to the explosion of the nuclear 
weapon subsides, these contaminated particles 
fall gradually back to the earth. This effect is 
referred to as the FALLOUT. The extent and 
nature of the fallout can range between wide 
extremes— dependent on the energy yield and 
design of the bomb, the height of the explosicxi, 
the nature of the surface beneath the point of 
burst, and the meteorological conditions. Inthe 
case of an AIR BURST occurring at an appre- 
ciable distance above the earth's surface, so that 
no large amounts of dirt (or water) are sucked 
into the cloud, the inherent radiation will be 
widely dispersed. On the other hand, a nuclear 
explosion occurring at or near the earth's 
surface can result in SEVERE contamination by 
the radioactive fiiUout. 

It should be understood that fallout is a 
gradual phenomenon extending over a period of 
time. There can be considerable foUout many 
hours after the surface detonation of a nuclear 
weapon, and many miles away. Additionally, 
there is a phenomenon called WORLDWIDE or 
delayed FALLOUT vdiich may continue for years 
after a nuclear explosion. Fallout that occurs 
within 24 hours of a nuclear explosicxi is refer- 
red to as LOCAL or early FALLOUT. 

RADIOACTIVE DECAY.-Fissicxi products, 
^ich make up the greatest hazard in residual 
radiaticxi, are initially very radioactive. How- - 
ever, this activity falls off at a fairly rapid rate 
as the result of decay. Figure 14-19 shows the 
exponential rate of decay of fissicxi products 
after a nuclear explosion. 

The mixture of radioisotopes present after a 
nuclear explosion is so complex it is impossible 
to represent the decay as a ^ole in terms of 
half-life, as each radioisotope has its own 
definite half-life, ranging from a fraction of a 
second to a million years. The chart presents 
a fairly simple formula for calculating the ap- 
proximate decrease in total radiation intensity 
in relation to time. The residual radioactivity 
for the fission products at 1 hour after nuclear 
detonation is taken as 100 and the subsequent 
decrease with time is indicated by the curve. 
At 7 hours after the explosion, Idr example, 
the fission product activity will have decreased 
to one-tenth (10 percent) of its amount at 1 hour. 
After 2 days, the activity would have decreased 
to about 1 percent of the 1-hour value. 




2 4 6 B 10 

TIMEAFTER EXPLOSION i HOURS) 

144.71 

Figure 14-19.^Rate of decay of fission products 
after a nuclear explosion (activity rated as 100 
at 1 hoiir after detonation). 



Fallout and Type of Burst 

Contamination of the earth's surface with 
radioactive material results from neutron 
activity after a nuclear explosion and from 
fallout. The amount of contamination and its 
distribution vary with the factors previously 
stated. 

The cloud of athermonuclearexplosionrises 
rapidly to the highest levels of the atmosphere 
and spreads over himdreds of square miles inthe 
first hours. During this time the particles are 
being acted upon by the winds, including those up 
to 60,000 or 80,000 feet, which may vary greatly 
in direction and velocity at different heights. 
Particle size will affect the rate of fall and as 
the material descends through the rain cloud 
bearing levels, the fallout may be slightly ac- 
celerated by rain or snow. The fallout may or 
may not be visible, but in any case, it can be 
detected with radiac equipment. Falling dust or 
ash, if visible, probably will be radioactive. 

AIR BURST.--The RADIOLOGICAL EF- 
FECTS from a typical AIR BURST are com- 
pletely overshadowed by the effects of blast and 
thermal radiation. An exception to this would 
be a ''low'' air burst of a high jrield weapon 
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where there would be extensive induced radio- 
activity in the vicinity of ground zero. Radib- 
logical effects might also be of some coi- 
sequence to those persons shielded from the 
primary causes of casualties, and to those 
beyond the areas of serious blast and thermal 
damage, 

SURFACE BURST,-A surface burst nuclear 
explosion presents an entirely different picture. 
With a surface burst, even though the Induced 
activity will be considerable, the activity of the 
FALLOUT will be of much greater conse- 
quence. 

The surface burst causes large amoimts of 
earth (water), dust, and debris to be taken up 
Into the fireball In Its early stages. Here they 
are fUzed or vaporized and become Intimately 
mixed with the fission products and other 
bon* residues. As a result there Is formed, 
upon cooling, a tremendous number of small 
particles contaminated to some distance below 
their surfaces with radioactive matter. In 
addition, there are ccmslderable quantities of 
pieces and particles, covering a range of sizes 
from large lumps to fine dust, to the surfaces 
of M^lch fission products are more or less 
firmly attached. 

The larger Oieavler) pieces, which will 
Include a great deal of contaniinated material 
scoured and thrown out of the crater, will not 
be carried up Into the mushroom cloud, but 
win descend from the column. Provided the 
wind Is not excessive, these large particles, as 
they fiOl, will form a roughly circular pattern 
around ground zero (though the circle will be 
some^KAiat eccentric as the result of any wind). 
Most of this heavier material referred to above 
will descend within an hour or so. 

The smaller particles present In the atomic 
cloud" will be carried up to a height of several 
miles, and may spread out some distance In 
the mushroom cloud before they begin to de- 
scend. The actual time taken to return to the 
earth, and the horizontal distance traveled, 
will depend upon the original height attained, 
the size, of the particles, and upcmthe wind in 
the upper atmosphere. 

The fraction of the total radioactivity of the 
bond) residues that appears in the fallout de- 
pends upon the extent to MAilch the fireball 
touches the surface. Thus, thev proportion of 
available activity Increases as the height of 
the burst decreases and more of the fireball 
comes in contact with the earth (or water). In 
the case of a "contact burst,*' some SCflfc of 



the total residual radioactivity will be deposited 
on the ground within a few hundred miles of the 
explosion. The remainder of the activity vrtll 
remain suspended for a long period of time as 
with an air burst. 

The intensity of the radioactivity is very 
high Immediately after the burst, but decays 
rapidly. Therefore, since not much time will 
have elapsed, the particles reaching the groimd 
near the burst will be highly radioactive, while 
those which are carried a long distance will 
have lost much of their radioactivity before 
they alight. 

Although the areas seriously affected by 
heat and blast of thermonuclear weapons are 
large, they are small when compared to the 
area of residual radiation hazard produced 
by fallout. Because of many uncertainties, 
especially of wind direction and velocity at 
different heights, it is Impossible to apply a 
. standard fallout pattern to all detonations. An 
idealized fallout pattern has been prepared and 
a commanding officer can adjust the outlines 
according to whatever information is available 
to him at the time and plan his defenses for the 
area expected to receive fallout. Such knowledge 
would include Information on wind and weather 
conditions in the area, the topography of the area, 
and locaticxi and nature of natural or manmade 
shelters. 

As a general rule, the pattern of contamina- 
tion will be as Illustrated in figure 14-20. It 
becomes an elongated cigar* shaped area ex- 
tending downwind from the point of burst. Of 
course this pattern will vary with the wind 
velocities and directions at all altitudes between 
the ground and the height of the atomic cloud. 
The actual fallout assumes a somewhat Ir- 
regular shape, such as that shown in figure 
14-21, v^lch was from a 43-KT shot. 

Note that the areas downwind are not im- 
mediately ccmtaminated. Rather, most of the 
downwind area will notbe seriously contaminated 
uiitU hours after the explosion. For an example 
(fig. 14-20), a location 22 miles downwind will 
have a DOSE RATE of about 10 roentgens/hour 
one hour after the detonation. At 2 hours, the 
dose rate has Increased to 1000 r/hr. Finally, 
at 18 hours. It Is down to roughly 80 r/hr. The 
increase in dose from 1 to 2 hours means that 
fallout was not complete at 1 hour after the ex- 
plosion. With respect to the ACCUMULATED 
DOSE received, at one hour after detonation, the 
100-mlle point will not have received any ap- 
preciable radiation because the fallout has only 
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10 0 10 SO to 10 0 10 M 20 10 0 10 tO 
DISTANCE FROM GROUND ZERO (MILES) 

1 HOUR 'i HOURS 18 HOURS 

100.89 

Figure 14-20.— Dose-rate contours from early 
fitllout at 1, 6, and 18 hours after a surface 
burst with 1-megaton fission yield (15 mph 
effective wind speed). 



started to arrive. While at the end of 6 hours, 
the total dose has reached over 3000 roentgens. 
In general then, at any given location, at a 
distance from a surface burst, some time 
eikpses before the foil out arrives. Time of ar* 
rival and amount of radiation vary with the size 
and type of burst, the wind, and other conditions. 

Although the example given above is for the 
surfoce burst of a high fission yield, 1-megaton 
nuclear weapon^ the fkllout phenomena asso- 
ciated with a low fission yield weapon are es- 
sentially the same except for differences in 
degree. Thus, a high energy fission yield ex- 
plosion will mean a larger area contaminated to 
a more serious extent than would a low fission 
yield weapon. 



UNDERGROUND BURST.-The extent of re- 
sidual radiation accompanying an undergroimd 
burst will depend primarily on the depth of 
burst and the weapon yield. With regards to 
initial radiation, It is either nonapparent or in- 
consequential by comparison to the residual 
radiation. 

If ttie explosion occurs at sufficient depth 
below the surface, essentially none of the bomb 
residues and neutron-induced radioactive ma- 
terials will escape to the atmosphere. There 
will be no appreciable fallout. 

On the other hand, if the burst is near the 
surfoce so that the ball of fire actually breaks 
through, the consequences as regards fallout 
will not vary greatly from those of a surface 
burst. Other circumstances being more or less 
equal, the %ntamination in the crater area fol- 
lowing an underground burst will be about the 
same as for a surface explosion of equal fis- 
sion yield. However, the total confominated 
area for a shallow underground burst will be 
greater because of the larger amount of fission 
products present in the fallout. 

UNDERWATER BURSTS.-Radiological ef- 
fects of UNDER WATER BURSTS closely parallel 
those of underground origin. The base surge, 
consisting of a contaminated cloud or mist of 
small water droplets also has a parallel in the 
underground phenomena. During the first 15 
minutes, the base surge is a source of con- 
tamination, but the radiation intensity declines 
rapidly. The total amount of radiation from the 
base surge and ''rain-out^' from the atomic 
cloud varies with the size and type of burst, the 
depth of the water, and other factors. In the 
BAKER test at BUdni, the early dose rate of the 
base surge was 100,000 roentgens per hour. 
From a deep imderwater burst there would be no 
airborne cloud and consequently no foUout or 
rainout. As a general rule, the base surge is 
expected to present a considerable radioactive 
hazard for a distance of several miles, especially 
downwind. The parts of the ship that are ex- 
posed to the base surge can absorb a great deal 
of radioactivity. 

An important difference between an imder- 
water burst and one occurring underground, is 
that the radioactivity remaining In the water is 
gradually dispersed, whereas that in the groimd 
is not. Therefore, as a result of diffusion of the 
various bomb residues, mixing with large 
volmnes of water outside the confominated area 
^ and the natural decay, the radfotion Intensity of 
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Figure 14-21.— Early fallout dose- rate contours 
from the TURK shot at the Nevada Test Site. 



thf water in which a nuclear explosion has oc- 
CI rred wiU decrease fairly rapidly. Additiona- 
ally, fission products will settle to the bottom of 
the body of the water, thus greatly attenuating 
the radiological hazards. 

The radiation hazard therefore is much less 
than the same amount of fallout over land. The 
radioactive water willbetransportedby prevail- 
ing currents, and if the currents are known, the 
radioactive areas ca u be charted and avoided. 

Distilled water made from lightly con- 
taminated sea water is perfectly safe to drink. 
This is because the radioactive material remains 
behind in the residual scale and brine of the 
distillation process. However, the ship's evap- 
orators must be secured v^lle the ship is in 
significantly contaminated waters, to avoid 
carrying dsoigerous contamination into the ship's 
interior. Also, it would be extremely difficult 
to decontaminate the evaporator and keep con- 
tamination from reaching the water tanks. It 
should also be emphasized that mere boiling of 
water is of no value as regards the removal of 
radioactivity. 

Radiation Injury 

As the student will recall from chapter 12, 
the injurious effects of nuclear radiation re- 
resents a phenomenon completely absent in 



conventional explosions. For this reason, the 
subject of RADIATION INJURY wUl be dis- 
cussed here in more detail. 

The harmful effects of radiation appear to 
be due to the ionization (and excitation) pro- 
duced in the cells that make up living tissue. 
As a result of ionization, some of the constit- 
uents that are essential to normal functioning 
are damaged or destroyed. Some of the prod- 
ucts formed may act as cell poisons. Addi- 
tionally, the living cells are frequenUy unable 
to undergo mitosis, so that normal cell re- 
placement is inhibited. 

The effects of nuclear radiations on living 
organisms depend not only on the total dose, 
that is, on the amount absorbed, but also on 
the rate of absorption, i.e., on whether it is 
ACUTE or CHRONIC. In an acute exposure, 
the whole radiation dose is received in a rela- 
tively short period of time. It has somewhat 
arbitrarily been defined as that dose received 
during a 24-hour period. Delayed radiations, 
like those which may be received from fission 
products, persist over a longer period of time 
and this type of exposure is of the chronic type. 
. The distinction between acute and chronic 
exposure lies in the fact that, if the dose rate is 
not too high, the body can achieve partial 
recovery from some of the consequences of the 
nuclear radiations Mi^ile still exposed. In ad- 
dition to the above, the percent of body exposure 
has significance. If follows then, ttiat whereas a 
person would die as the result of acute exposure 
of 1000 rems whole-body radiation, he would 
probably suffer no noticeable external effects 
if the dose were spread over a period of 30 years. 

The injury caused by a particular dose of 
radiation will depend upon the extent and part 
of the body that is exposed. Different portions 
of the body show different sensitivities to 
ionizing radiations, and there are variations in 
the degree of sensitivity among individuals. The 
age and the physical condition of the person siso 
Influence the result. Since practically all the 
information we have on the effects of radiation 
on humans is from the Japanese bombings, the 
influence of other injuries is hard to separate 
from radiation injuries. Large numbers of 
Japanese were exposed to doses of radiation 
ranging from insignificant to fotal. The results 
were complicated by other injuries, shock, and 
lack of medical attention, and many of the deaths 
were probably due to a combination of injuries. 
By combining the information available from the 
Japanese bombings with information gathered on 
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accidentally exposed persons and studies of 
animals exposed at test sites^ tables have been 
compiled to show the effects of acute radiation 
of different amounts. 

ACUTE RADIATION INJURY. Table 14-3 
shows expected effects of acute whole-body 
radiation doses. Notice that the table begins 
with ISO roentgens; no noticeable effects are 
expected below that amount. Changes may 
nevertheless be occurring in the blood. Pexliaps 
the most striking and characteristic biological 
consequence of exposure to whole-body nuclear 
radiation are the changes in the blood and the 
blood-forming organs. The effects may not be 
seen at once, but the loss of the ability to flight 
infections may result in death. For those who 
survive, recovery may take months or even 
years. Careful charting of the course of blood 
changes in Japanese victims and those in the 
Marshall Islands has furnished reliable data on 
these phases of radiation exposure. 

It has been estimated that approximately 50 
percent of thepersons subjected to4S0 roentgens 



of acute radiation will die. It is believed that 
prompt medical treatment (care) would reduce 
this percentage. Everyone receiving 1000 r. or 
more would die within two or three weeks, if not 
sooner, in spite of the best medical care. 

A further matter of note is that the sooner 
the symptoms of radiation sickness appear after 
exposure, the more serious the consequence will 
be. Additionally, thereisalatentperiodbetween 
the first symptoms of radiation exposure and 
a further condition of sickness. 

The clinical effects of radiation listed in the 
table are those noted in the Japanese population, 
y^ere preexisting conditions were an unknown 
factor and little actual data recording was done 
until 2 weeks after the explosions. The most 
accurate data are from the cases of radiation 
exposure in the Marshall Islands test, hut 
200 r. was the limit for the exposure there. 

LATE EFFECTS OF RADIATION.-If a per- 
son survives the acute effects of radiation, later 
effects may show up years later. These 
effects, like the acute ones, are caused by 



Table 14-3.-*General Nature of Radiation Sickness. (Acute exposure) 



Time after 


Acute doses received over a large area of body 


exposure 


150-300 r 


300-500 r 


500-600 r 


First week 


Nausea and vomiting 
on first day. 


Nausea and vomiting 

on first day. 
^ Otherwise, no 
definite symptoms. 


Nausea and vomiting 
on first day; 
diarrhea, vomit- 
ing. 


Second week 
• 


No definite symptoms. 


Loss of hair, loss of 
appetitie, gen- 
eral sick feeling. 


Inflammation of 
mouth and throat, 
fever, rapid 
weight loss, 
mortality rate 
about 90 percent. 


Later effects 


Loss of hair, loss of 
appetite, general 
sick feelingi sore 
throat, pallor, skin 
hemorrhage, diarrhea, 
moderate weight loss, 
ultimate recovery 
likely in ab3^nce of 
complications. Mor- 
tality rate of 3 percent 
at 200 r. 


Fever, inflammation 
of mouth and throat, 
pallor, skin 
hemorrhage, 
diarrhea, nose 
bleed, rapid weight 
loss, mortality 
rate of 50 percent 
at 450 r. 


V 

\ 
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changes in the cells and tissues arising from 
the exposure. The replacing cells may not be 
quite normal. 

One of the effects mentioned previously is 
that of cataracts. These are attributed to the 
initial nuclear radiation at the time of the ex- 
plosion, chiefly by fast neutrons, which cause 
lens opacities more frequently than gamma 
radiation. 

It is still too early to make a definite state- 
ment about the effect of radiation on the life 
span. At present there is no definite proof that 
vAiole-body radiation exposure hastens aging. 

An increase in the incidence of leukemia 
cases was shown among the inhabitants of 
Hiroshima and Nagasaki, but the total number 
of cases definitely associated with radiation ex- 
posure is not large and there is still some 
uncertainty about interpretation of the statistics. 

A twofoM to fourfold increase in neoplastic 
disease (abnormal marked growths, i.e., tumors, 
cancers) was foimd in the Hiroshima population 
but a similar atyxdy of Nagasaki showed no such 
relationship. Studies are being continued on the 
relationship of cancer incidence to radiation 
exposure. 

One of the most publicized results of radia- 
tion is that of sterility. Study of the Japanese 
cities shows that the sterility is temporary. 
To produce permanent sterility, a large radia- 
tion dose is required, vrtiich is likely to be 
fatal. Among pregnant women exposed, there 
was a marked increase in stillbirths and death 
of newborn infiints. The surviving children 
showed a greater frequency of mental retarda- 
tion. Children conceived after the nuclear 
exposures did not show an increase in abnorm- 
alities. Thus, the fear of effects on future 
generations has not been siibstantiated, although 
experiments with fruit flies and animals showed 
increased mutations. 

INJURY FROM FALLOUT AND RESIDUAL 
RADIATION.-A few radiation phenomena, such 
as genetic effects, apparently depend primarily 
upon the total dose received and to a lesser 
extent on the rate of delivery. The injury 
caused to the germ cells imder certain condi- 
tions appears to be cumulative. In the majority 
of instances however, the biological effect of a 
given total dose of radiation decreases as the 
rate of exposure decreases. 

The effects of residual radiation are the 
same as for initial radiation, but not with such 
dramatic onset. The symptoms develop grad- 
ually as the radiation dose accumulates. The 
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blood changes and damage to the blood-forming 
cells in the marrow of the bones proceed unseen 
and may be advanced before detected. 

The hazards of fallout are external and 
internal. The contaminated particles of the 
early fallout cause "beta burns" if they contact 
bare skin or skin protected by light clothing. 
Where fallout is heavy, the whole body may be 
exposed to beta particles. The effects were 
studies in the Marshall Island test explosion. 
The natives did not realize the significance of 
the ash-like dust falling on them about 5 hours 
after the detonation. The itching and burning 
sensation experienced at the time subsided and 
disappeared, but 2 or 3 weeks later, skin 
lesions, dark colored patches, and epilation 
began to appear among the exposed population. 
Discoloration of nails was attributed to gamma 
radiation. The skin lesions healed and the hair 
regrew in a matter of 6 months, but the 
studies of platelets and red blood cells showed 
they continued to be lower than normal 5 and 7 
years after the exposure. This indicates that 
repair of the bone marrow injury was not 
complete. 

Internal hazard from fallout occurs \^en 
radioactive particles are consumed with food 
and water, or are inhaled. The nose is a good 
filter, so there is not so much danger from 
inhalation of early fallout, most of which is too 
coarse for inhalation. It is also possible for 
radioactive material to get inside the body 
through cuts or other wounds in which the 
skin is broken. (Alpha particles cannot pene- 
trate unbroken skin.) 

Even a very small quantity of radioactive 
material in the body can do considerable 
damage, and the injury is continuous as long 
as the material is in the body. The organ most 
affected is determined by the type of radioactive 
material. Iodine, for example, tends to con- 
centrate in the thyroid gland. The fission 
products strontium and barium are deposited in 
the calcifying tissue of bone. Cerium and 
Plutonium also are ''bone seekers." They are 
potentially very hazardous because they injure 
the sensitive bone marrow where many blood 
cells are produced. The damage to the blood- 
forming tissue thus result's in a reduction in 
the number of blood cells and so affects the 
whole body adversely. The damage may not 
become apparent for some time. The primary 
hazard of inhaled plutonium is in the lungs 
and bronchial lymph nodes. Uranium causes 
damage to the kidneys but only as a heavy 
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metal poison (similar to lead poisoning), not 
because of its radioactivity. 

The short-term hazard of early fallout in- 
gested by the natives of the Marshall Islands 
was small. The long-term hazard of delayed 
fallout is another matter. The most important 
radioactive isotopes are probably cesium-137 
and strontium-90. As explained earlier, the 
delayed fallout can spread to remote parts of 
the globe and can contaminate water, milk, and 
food. Cesium-137 has a radioactive half-life 
of 30.5 years and emits gamma rays as it 
decays. Strontium-90 has a radioactive half<- 
life of 27.7 years and emits only beta particles 
of fairly low energy, but once it gets into the 
skeleton it stays there a long time. Experi- 
ments with animals Indicate that the effects 
may be anemia, bone necrosis, cancer, and 
possibly leukemia. 

As a result of the nuclear test explosicxis 
in various countries, there has been an increase 
in the strontium-90 content of the soil, plants, 
and the bones of animals and man. This in- 
crease is worldwide and is not restricted to 
the areas in the vicinity of the test sites, 
although naturally it is higher there. - 

The amount of carbon- 14 in the troposphere 
has been increased by about 30 percent through 
weapons testing. It will be a source of radia- 
tion for many generations, as its half-life is 
5,760 years. 



ATOMIC WARFARE DEFENSE 
GENERAL 

The effects of nuclear weapons have been 
given with considerable detail derived from 
experience with nuclear detonations. But in 
planning protection from the consequences of 
a nuclear explosion, many uncertainties are 
encountered. It is impossible to know in ad- 
vance ^ere or ^en a weapon will be detonated, 
or vAiat type it will be^ or its size. Nevertheless, 
there are some basic principles ^ich, if ap- 
plied, can give a measure of protection to a 
large proposition of the population. 

Foresightedness and ah understanding of the 
ejects of nuclear weapons will have great 
bearing on survival in event of nuclear warfare. 
In general,; there are two broad dktegories of 
protection that can be used to avoid the stunning 
effects of nuclear weapons. They are DISTANCE 
and SHIEllDING. In other words, it is necessary 



to get beyond the reach of the effects, or to 
provide protection against them within their 
radii of damage. 

SHIPBOARD PROTECTH'E MEASURES 

The naval forces afloat have a distinct 
advantage in that they are readily dispersible. 
In addition to this, the ships of the Navy are 
so designed that they are comparatively re- 
sistant to the blast (and/or shock) and the 
thermal effects of nuclear weapons. Too, the 
features built into Navy ships for protection 
against gas attack provide some measure of 
protection against radiation hazards. 

Both long- and short-range preparation go 
into proper readiness of Navy ships. Strict 
specifications are set for the designers and 
builders in order that the ships are as resis- 
tant as feasible to the effects of nuclear weap- 
ons. Command action is taken to keep fire and 
missile hazards minimized. Tactics include 
such things as greater than normal dispersal, 
the placing of all possible personnel under 
cover, establishing the highest state of ma- 
terial readiness, and the activation of WATER 
WASHDOWN systems. 

After a nuc.lear explosion, the primary 
problem is to keep and/or return the particu- 
lar ship to a maximum state of readiness by 
preventing the avalanching casualties resulting 
from secondary effects, by restoring normal 
services or rigging alternate (or emergency) 
services, attending to the wounded, conducting 
radiological surveys and decoiAaminating or 
localizing as applicable, and by assessing the 
extent and nature of damage and restoring the 
unit as nearly as possible to its original 
condition. 

Tactics included after a nuclear explosion 
would include maneuvering to avoid, or to mini- 
mize the transit time through, any base surge, 
fUlout areas, or radioactive waters. 

Providing the maximum protection for the 
men will often reduce the ship's immediate 
operational capability (offensive and defensive). 
It may become necessary for the commanding 
officer to sacrifice personnel safety to preserve 
ship operational capability. In making his 
decision the CO must consider many factors, 
some of which are: the mission of the ship, 
the estimated extent and duraticxi of the haz- 
ardous environments, exposure guidance (how 
long a man may be permitted to remain at a 
station in the contaminated area), rotation of 
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personnel, means of decontamination available, 
and protection available. A ship with a wash- 
down system can prevent heavy contamination 
of the ship surfaces if the system is placed in 
operation before the nuclear explosion, but even 
if that was not possible, the washdown system 
will reduce topside contamination so decon- 
tamination teams can get to work sooner and 
men can be detailed to their stations for short 
times, determined by the amount of radioactivity 
present. The CO must know the actual or 
potential exposure hazards and the counter- 
measure capabilities of his ship in order to 
Judge viiether to continue, modify, or abort 
the action and/or mission. If he has a good 
disaster control plan and has the men trained 
in their individual and team duties, the chances 
of survival and successftil mission are im- 
measurably increased. Not only the CO, but 
every officer on board ship and every petty 
officer and enlisted man has specific respon- 
sibilities and duties to perform before, during, 
and after a nuclear explosion. 

SHORE BASE PROTECTION 

Ashore, the military must also plan to 
disperse and/or provide suitable protection for 
personnel and material. The civil defense 
authorities should plan accordingly for the 
civilian population. Much can be done towards 
reducing blast and fire hazards in existing 
structures. Shelterr and shelter areas can 
be provided. Dis^^.sUr teams can be organized 
and trained to kec,^ losses to a minimum. 
V Standards for shs^lter construction havebeen 
prepared by engineers with Information from 
test buildings at test sites and firom the results 
found In the Japanese bombings. Designs 
have been prepared for both public and private 
shelters for various situations. The building 
and stocking of shelters has been sporadic 
chiefly because people believe that nothing 
can save you In a nuclear attack. It Is true 
that there Is little chance of survival In the 
zone of heavy damage around ground zero, 
but the chances Improve with distance. Just 
one quotation of statistics from the Japanese 
results should be convincing. At Hiroshima, 
of approximately 3000 school students who were 
In the open and unshielded within a mile of 
ground zero, about 90 percent were dead or 
missing after the explosion. In the same zone 
were nearly 5000 students v*k> were shielded 
In one way or another; only 26 percent of them 
were fatalities. 



The area over which protection could be 
effective In saving lives Is roughly eight to ten 
times as large as that In which the chances 
of survival are small. It Is In this possibly 
large area that pr^lannlng of protective meas- 
ures Is of the utmost Importance. 

PROTECTIVE MEASURES-INDIVmUAL 
ACTION 

For an Individual, In the event of a surprise 
attack, proper and Immediate action can mean 
the difference between life and death. 

From experience gained In both nuclear and 
conventional explosions, there Is little doubt 
that as a general rule It Is more hazardous In 
the open than Inside a structure. In an emer- 
gency, therefore, the best available shelter 
should be taken. 

Aboard ship, TAKE COVER should be di- 
rected at the appropriate time for those In ex- 
posed stations. Once properly shielded, and 
other operations permitting, personnel should 
take a position with knees flexed, and with a 
firm grip on a substantial piece of the shlp^s 
structure. This position should be held until 
passage of the blast and/or the shock wave. 

Ashore, civil defense authorities (or mili- 
tary, v/here they have Jurisdiction) should have 
designated shelter areas and/or shelters. 
Subways would provide a good emergency shel- 
ter; however, these are found In only a limited 
number of cities. As an alternative, the base- 
ment of a building should be chosen. In this 
connection, a fire-resistant, reinforced- 
concrete or steel frame structure Is to be pre- 
ferred, since there Is less likelihood of a large 
debris load on the floor above the basement. 
Even basements of good buildings are not, how- 
ever, an adequate substitute for a well designed 
shelter. 

Should there not be any c^portunlty to take 
the best shelter, alternate Immediate action 
wUl be necessary. The first Indication of an 
unexpected nuclear explosion (other than a sub- 
surface explosion) would be a sudden Increase 
In the general Ulumlnatlon. It would be Im- 
perative to avoid the Instinctive tendency to 
look at the source of light, but rather to do 
everything possible to cover all exposed por- 
tions of the body (another reason for proper 
and suitable battle dress). A person Inside a 
building should Immediately fall prone and 
crawl behind a table or desk. This wlU provide 
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a partial shield against splintered glass and 
other flying missiles. No attempt shovdd be 
made to get up \mtil the blast wave has passed, 
as indicated by the breaking of glass, cracking 
of plaster, and other signs of destruction. The 
sound of the explosion also signifies the arrival 
of the blast wave. 

A person caught in the open by the sudden 
brightness due to a nuclear explosion, should 
drop to the groimd, while curling up to shade 
the arms, hands, neck, and face with the 
clothed body. Although this action will have 
little effect against the initial nuclear radia- 
tion, it may help in reducing flash burns due 
to the thermal radiation. Of course, the degree 
of protection from thermal effects will vary 
with the energy yield of the explosion. For as 
you will recall, low yield weapons expel all 
their thermal radiation in a short interval of 
time, while the higher the yield, the longer the 
thermal pulses of energy will last. Neverthe- 
less, there is nothing to be lost, and perhaps 
much to gain through such action. The curled- 
up position should be held until after the blast 
wave has passed. 

Since eye injuries and skin burns from 
thermal radiation can occur at great distances 
from the explosion, this type of evasive action 
can be helpftil over large areas. Ordinary 
sunglasses provide little or no protection of 
the eyes against damage by thermal radiation. 
The blink reflex is of doubtful help if the person 
is fkcing the blast point, especially if the 
thermal energy is released in one burst, as 
from lower energy weapons or those burst at 
high altitudes (above 20 miles). Fortunately, 
most flash blindness is temporary. 

It a shelter of some kind, no matter how 
minor, e.g. in a doorway, bdiind a tree, or in 
a ditch or trench, can be reached within a 
second, it may be possible to avoid a significant 
part of the initial nuclear radiation, as well as 
the thermal radiation. But shielding from 
nuclear radiation requires considerable thick- 
ness of material and this may not be available 
in the open. By dropping the the ground, some 
little advantage may be provided by the ground 
and surrounding objects. 

Putting out fires when they ai^6 Just starting 
may be done by individuals in some instances. 
Every effort should be made to do this in order 
to prevent large fires which may become 
uncontrollable. 
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PROTECTION FROM FALLOUT 

Protection against the residual radioactivity 
present in LOCAL FALLOUT presents a number 
of difficult and involved problems. This is 
because the radioactive products are not nor- 
mally visible and require radlac equipment for 
detection and measurement, and because of the 
widespread and persistent character of the 
fallout, and too, because follout prediction is 
a ftinction of complicated meteorological 
processes. 

Fallout Prediction 

The fallout patterns charted after thevarious 
nuclear tests have been used to prepare a 
form to be used for predicting the area of 
fallout. It is called Radiological Fallout Fore- 
casting (RADFO) and is made available to 
operational commands. Before a nuclear attack, 
information will not be available on the location 
of the burst, type of burst, or yield of the 
weapon, and after the detonation it is expected 
that disruption of normal activities wlU prevent 
obtaining much real information about the burst. 
The command wUl have information on the 
atmospheric wind structure, and with that in- 
formation, can plot a tentative fallout area 
with the aid of the RADFO overlay (fig. 14-22). 
The RADFO diagram is usually drawn In grease 
pencil on a plastic sheet to be used as an 
overlay on an appropriate map or chart. Var- 
ious essential data are included in the legend 
of the RADFO diagram. The legend also 
indicates the map scale or map identification 
number for ^ich it is drawn. Each conunand 
requests maps for its particular area and 
keeps them on hand. The red outline marks 
the area of high fallout expected from a low- 
yield weapon, and the black outline marks the 
hi&i fidlout area for a high-yield weapon. 
The cross-hatched dot represents the point of 
detonation (surface zero). With the dot placed 
at the point of detonation (expected), the over- 
lay can be rotated in line with the winds at 
the time, and it then outlines the approximate 
area ^ere the fallout can be expected. The 
ship can be maneuvered to keep out of that 
area and the fUlout preparations can be made 
aboard the ship. 

The complete description and instructions 
for use of the RADFO diagram are given in 
the United States Navy Radiological Fallout 
Manual, (1962). OPNAV INST F8441.5A. The 
actual fallout area will vary from the RADFO 
plot, but planning can be based on the pre- 
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with RAD FO overlay upon receipt of prediction 
or warning message. 

llmlnary plot and earty action can be taken 
on that basis. Plans can be made to minimize 
the hazards of fallout radiation, but they must 
be flexible so they can be adapted to the 
particular situation >K4ilch develops after the 
attack. 

Group Protection 

Fallout from a surface burst can produce 
serious contamination fiir beyond the range 
of other effects such as blast, shocks thermal 
radiation, and initial miclear radiation* The 
quantity (tf ccmtaminated miterlal , produced by 
a. surface o^ a megaton ^vea&on with a 

fissions- 3^dd; is so largd that the lUlout may 
conftinlid: to arx^ive in hazardous concentratldns 
up to pertiAps 24 hours after the butst^ It 



may affect vast areas, and therefore may affect 
large numbers of people who must have pro- 
tection for at least that period of time. Anyone 
acquainted with the daily traffic problems ac 
companying the routine working day transporta- 
tion in any large metropolitan area must realize 
that attempting to evacuate the whole population 
of a threatened area upon short notice would 
result in a hopeless snarl. The alternative 
is to have prepared shelters, stocked with 
provisions, where large numbers of people 
can take refuge and remain perhaps for several 
days, or even weeks. 

Where approved shelters are not available, 
even the basement of a frame house can at- 
tenuate nuclear radiation by a factor of about 
10. Greater reduction is possible in large build- 
ings or in shelters covered with several feet of 
earth. Three feet of earth will provide a 
radiation attenuation factor in the neighborhood 
of 1000. 

Ships will have to depend oh proper maneu- 
vers, the GAS TIGHT ENVELOPE, water wash 
down systems and decontamination procedures 
for protection. Ashore, the civil defense and/or 
military authorities must make radiological 
surveys to ascertain the extent and nature of 
the contaminaticm. Once this Is known. It Is 
possible to take other corrective actions, such 
as orderly evacuation of sheltered survivors 
and decontamination of essential areas or 
equipments. Shifting wtads and other unknown 
variables complicate any prediction of safe 
evacuation routes. A person may leave a com- 
paratively safe location and end up the loser 
for his effort. 

Of the passive protective measures that can 
be taken, shelter is the foremost. Complete 
protection for all people is hardly feasible, 
but every Navy shore activity has areas des- 
ignated as shelter areas vAiere people are to go 
Immediately if a nuclear alarm is given. Evac- 
uation routes are planned so each person has an 
assigned place to go In case there is sufficient 
advance warning so people can get to designated 
gathering places* Know the location of the 
marked areas so you can go to the assigned 
one without hesitation when so ordered. 

Civil Defense authorities have published 
pamphlets onAmethods of construction for home 
shelters. Family type shelters were widely 
used in England durtog World War II for 
protection against bombs^ and were a great 
help in preventing casualties. Similar shelters, 
bum according to CivU Defense standards to 



343 



339 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



reduce the entrance of nuclear radiation^ can 
be of inestimable help in case of nuclear attack. 

Protection Against Long-Range Fallout 

The radiation from long-range fallout is too 
attenuated to be harmful as external radiation. 
Its harm comes from ingestion^ vfhether through 
inhalation, from drinking water, or food. Except 
in cases of extreme overexposurei there is a 
latent period before signs and symptoms of 
radiation Illness appear. Radioactive material 
within the body cannot be controlled by time, 
distance, or shielding; it continues to affect 
the cells of the body until it has been eliminated 
by natural processes or radioactive decay. 

Risk of exposure can be greatly reduced by 
good housekeeping. Foods that might have 
received some of the radioactive fallout should 
be thoroughly washed before using. Exposed 
foods that cannot be washed should be disposed 
of. Cooking the foods or boiling the water does 
not reduce the radioactivity. A number of 
materials have been tested for possibilities as 
an agent to remove radioactive materials from 
the system. Various results have been re- 
ported. So far, none of the products so tested 
have been accepted as useful for removing 
radiation. Also^ some mate rials have been tried 
for removal of radioactive fallout in milk. 
This is another problem left to be solved by 
further research. 

EMPLOYMENT OF NUCLEAR 
WEAPONS EFFECT 

GENERAL 

Many factors enter into the selection of 
the burst height (or depth) and yield of a par- 
ticular wea(X)n. Among these are fuzing lim- 
itations, type of target, available delivery sys- 
tems, and the degree of damage desired* Since 
nuclear missiles, torpedoed, and depth bombs 
have become part of the arsenal, the aspects 
of weapon selection have bieen multiplied* 

Froni tm EFFECTS (rtiUMlpoint, the basic 
criteria which gdVetn' inreapon selection are 
peak blast 1«av6 dvexi)resA^ dynamic 
pressure!/ ^^ (^ posmvd iMive (of 

blast vnive), crater dxtetkt^ thdhniail radiation, 
initial tmdear radiatloti^ residual fiBsiont^i^ 
failduty and iiidilcedgrotiiid eon^ Thane 
ciitdHa atit^iy to the lieleetidn of a ttraapdh to 
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use on a stationary land target. For another 
type of target, an attacking aircraft, for example, 
entirely different criteria are necessary. 
Should a nuclear-tipped misssile be launched 
from the ship or should an air-to-air missile 
be used? Perhaps conventional antiaircraft fire 
will take care of the situaticxi. The officer in 
command must make the decision quickly. You 
can readily see that this is quite a different 
situation from, say, the planned obliteration of 
an enemy naval base. 

The actual mechanics of weapon selection 
is a very complex operaticxi. This operation 
is the function of relatively hi&i echelons of 
command. The student should be aware that 
there also are great moral and political issues 
involved in the use of nuclear weapons. For 
these reascxis, the actual committing of nuclear 
weapons to use by our country is the respon- 
sibility of the President of the United States. 
Notwithstanding, some generalized statements 
concerning the relative importance of various 
effects for differoit burst conditions is con- 
sidered essential to a complete orientation in 
the nuclear weapons subject area. 

The discussion following relates to the use 
of nuclear weapcxis to achieve certain effects on 
surface targets, either land or sea. Most of 
the material damage caused by either an air 
burst or a surface burst of a nuclear weapon 
is due mainly (directly or indirectly) to the 
shock or blast wave that accompanies the 
explosion. In considering the destructive effect 
of a blast wave, one of the important char- 
acteristics is the overpressure, that is, the 
pressure above the normal atmospheric pres- 
sure. Other characteristics of the blast wave 
that affect the degree of destruction are the 
dynamic pressure, duration, and time of arrival 
of the blast wave. 

SURFACE BURST 

A SURFACE BURST will increase the range 
at which peak overpressures greater than about 
12 psi occur. It will reduce thermal radiation 
received by ground targets compared to that 
received from an air burst at the same slant 
range and it will produce significant cratering 
and ground shock. A peak overpressure of 12 
pSi will cause severe damage to all structures 
except those of reitiforcdd-concrete, blast- 
resistant condtniction. It will also cause mod- 
erate to severe damage to most military equip- 
tiieiAs.. 
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Most naval ships operating today will be 
immobilized vihen subjected to 20 psi peak 
air overpressure. Five psi will cause light 
damage to all naval and mercantile shipping. 
Li^t damage to naval ships consists of damage 
to electronic, electrical, and mechanical equip- 
ments-however, the ships may still be able to 
operate effectively. 

The surface burst will overdestroy some 
area. It is therefore not as economical (in its 
damage dapabUities) as an air burst. Conceiv- 
ably, therefore, the surface burst would be 
used against resistant targets or vrtiere as- 
sured destruction is desirable. 

For weaker targets, yAilch are destroyed or 
damaged at relatively low overpressures or 
dynamic pressures, the height of burst may be 
raised to increase the damage area, since the 
required pressures will extend to a larger range 
than for a low air or surface burst. 

While the terrain has some effect on the 
blast wave, it is difficult to predict the effect 
on the damage resulting. The fkct that the 
point of explosion cannot be seen from behind 
a hilt does not mean that the blast effects will 
not be felt. Blast waves can easily bend around 
obstructions, and multiple reflections between 
buildings and streets might increase the over- 
pressure and dynamic pressure. 

The LOCAL FALLOUT associated with a 
surfece burst is a very significant factor in 
nuclear weapons selection. 



AIR BURST 

An AIR BURST will increase the ground 
range at ixAiich overpressures of about 10 psi 
or less are bbtained; maximize areas at which 
significant thermal radiation is received on the 
ground; and eliminate local fallout contami- 
nation. Wlndowpane breakage is associated with 
0.5 psi overpressure, while severe damage 
to wood frame houses occurs with 3 psi, 
and to reinforced-concrete buildings with ap- 
proximately 10 psi. 

SUBSURFACE BURST 

With a SimsURFACiB BURST, peak air 
overpressure, thermal radiation, and initial 
nuclear radiation decrease as the depth of the 



burst is increased. Cratering, ground (or water) 
shock, and fallout contamination will increase 
with the depth of burst up to a maximum (the 
optimum depth depends on the effect being con- 
sidered) and then decrease. Maximum water 
waves wUl be produced at a certain critical 
depth of burst* 



SCALING LAWS 

The atomic bombs dropped on Japan are 
referred to as 20-KT bombs or nominal yield 
weapons. The effects of those bombs have been 
studied and analyzed in all their aspects, 
including their blast, thermal, and radiation 
effects. Since that time, tests of nuclear weapons 
of different sizes and types in various envi- 
ronments have ftimished much other data on 
the effects of nuclear weapons^ From studies of 
these effects, scaling laws have been formulated. 
The effects of detonations of weapons other than 
the nominal 20-KT bomb can be calculated by 
means of these simple scaling laws. 

Although the laws are only of an approximate 
nature, they do provide a rough means of 
comparing the effects of different energy re- 
leases* Scaling laws are applied to each of the 
effects of nuclear detonations— blast, thermal, 
and radiation effects. 

In the case of blast effects, the scaling 
law states that the distance from an explosion 
at which any specified overpressure is reached 
is proportional to the cube root of the energy 
released. For a 20-KT burst, the limit of 
severe damage occurs in the region of 7-psi 
overpressure, about 1 mile from ground zero. 
Computing with the scaling formula, an over- 
pressure zone of 7 psi would be 1.3 miles from 
ground zero with a 40-KT bomb. Note that 
the damage limit is not twice as great as for 
a 20-KT bomb. To double the limit of severe 
damage, the amount of explosive would have to 
be increased 8 times. 

With regard to overall damage and cas- 
ualties, the < area affected by the burst is 
important. The area of the burst is propor- 
tional to the square of the radius; therefore 
the effective area of blast damage is pro- 
portional tb two-thirds of the energy release* 
If the effective area for a 20-KT bond) is 4 
square miles it is 6.4 square miles for a 40-KT 
bomb. 
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The amount of thermal energy reaching a 
point at a given distance firom the explosion 
will be directly proportional to the total energy 
release of the bomb. If the thermal energy 
from a 20-KT bomb is 4 1/2 calories per square 
centimeter at 3,000 yards from ground zero, 
from a 40-KT bomb it would be 9 calories per 
square centimeter. The same proportional in- 
crease holds true for the immediate nuclear 
radiation. However, this proportion is reason- 
ably accurate only up to 40- KT bombs. For 
hldiier energy releases, the proportion of initial 
nuclear radiation to the energy of the bond) be- 
comes greater and greater as the yield of the 



weapon increases. For example, a 100-KTbonib 
will produce 120 times the nuclear radiation that 
a 1-KT bomb will produce; a SOO-KT bomb will 
jproduce 1,000-KT (IMT) weapon will produce 
1,000 times the amount of nuclear radiation; and 
a 1,000-KT (IMT) weapon will produce 2,100 
times as much. 

The altitude of the burst aftects the results, 
and the fiictor of height must be included to 
modify the calculations with the scaling laws. 
Curves have been drawn to represent many 
conditions of burst. Figure 14-23 accumulates 
certaih cardinal damage criteria for air burst 
explosions. 




0 0^ . OA a? IjO 2 4 7 10 20 40 70 100 
DISTANCE rnOM GROUND ZERO (MILES) 

J. 144.72 
Figure 14«23«-^Limiting distances firom ground 
zero at which various effects are produced in 
an air burst. ^^ 
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TABLE OF ATOMIC WEIGHTS AND BIBLIOGRAPHY 

«»*fiI"*L^®*^*, represents the mass of the most stable isotope of the element. 

AU of the known elements are included. Oxygen 16 is used as the basicelement. ) 



TABLE OF ATOMIC WEIGHTS 



0 
0 
1 
1 

2 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 



ELEMENT 

o/e/o 
o/n/1 

1/P/l 

H 
2/a/4 

He 

Li 

Be 

B 

C 

N 

O 

F 

Ne 

Na 

Mg 

Al 

Si 

P 

S 

CI 

Ar 

K 

Ca 

Sc 

ti 

V 

Cr 

Mn 

Fe 

Co 

Mi 

Cu 

Zn 

Ga 

Ge 

As 

Be 



0 

1 
1 
1 

4 
4 
6 
0 

10 
12 
14 

16 

19 

20 

23 

25 

27 

29 

31 

33 

36 

40 

40 

41 

45 

48 

51 

53 

55 

56 

59 

60 

64 

66 , 

70 

73 

75 

79 



MASS 

0.00055 
1.00899 
1.00759 
1.00814 
4.00277 
4.00387 
6.01703 
9.01505 
10.01612 
12.00380 
14.00752 
16.00000 
19.00445 
20.00050 
22.99705 
24.99375 
26.99008 
28.98566 
30.98356 
32.98189 
35. 97969 
39.97505 
39.97665 
40.97523 
44.97007 
47.96312 
50.96004 
52.95746 
54.95540 
55.95264 
58.95194 
59.94984 
63.99034 
65*94694 
69.94814 
72.94645 
74.95440 
78.94858 



35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 



ELEMENT 

Br 

Kr 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Cs 

Ba 

U 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

.Er 

Tm 

Yb 

Lu 

Hf 



80 
84 

86 
88 
89 
92 
93 
96 
99 
102 
103 
107 
108 
113 
115 
119 
122 
128 
129 
132 
133 
138 
139 
141 
141 
144 
146 
150 
152 
158 
160 
163 
165 
168 
169 
174 
175 
179 



MASS 

79.94401 
83.93806 
85.93852 
87.93375 
88.93408 
91.93382 
92.93526 
95.93490 
98.93951 
101.96341 
102.93790 
106.93895 
107.93895 
112.94028 
114.94050 
118.94100 
121.94368 
127.94610 
128.94575 
131.94600 
132.94720 
137.94870 
138.94950 
140.95172 
140.95110 
143.95493 
145.95895 
149.96340 
152.00000 
159.97342 
159.97775 
162. 50000 
164.98110 
167.98392 
168.94000 
173.98075 
174.99737 
178. 50000 
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ELEMENT 


A 


MASS 


73 


Ta 


180 


180.00220 


74 


W 


183 


183.00530 


75 


Re 


186 


186.01070 


76 


Os 


190 


190.01740 


77 


Ir 


192 


192.02470 


78 


Pt 


195 


195.02640 


79 


Au 


197 


197.02748 


80 


Hg 


200 


200.03191 


81 


Tl 


204 


204.03768 


82 


Pb 


207 


207.04058 


83 


Bl 


209 


209.04579 


84 


Po 


210 


210.04850 


85 


At 


212 


212.05693 


86 


Rn 


222 


222.08690 


87 


Ft 


223 


223.08960 





ri 1 1 Films* X 


A 


MASS 




Pa 


226 

mt mt w 


226.09600 

AAV • VVVW 


89 


Ac 


227 


227.09888 


90 


Th 


232 


232.11080 


91 


Pa 


232 


232.11118 


92 


U 


238 


238.12522 


93 


Np 


237 


237.12220 


94 


Pu 


244 


244.14065 


95 


Am 


243 


243.13748 


96 


Cm 


245 


245.14209 


97 


Bk 


249 


249.15252 


98 


Cf 


249 


249.15252 


99 


E 


244 


244.14780 


100 


Fm 


252^ 


252.16163 


101 


Md 


256 


256.17383 


102 


No 


263 


263.00000 
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INTRODUCTION 

This glossary is intended as a convenience 
for the student. It explains brietty those tech- 
nical terms used in this textbook with vAiiOi 
the student should be acquainted in order to 
comprehend the subject matter. The expla- 
nations are not e^ustive. They take up only 
those senses or applications of each term that 
the text is actually concerned with, and do not 
attempt general exppstCions of them. For more 
information on aiif item in the glossary, the 
student should Consult the index to locate 
further discussion In the text of this book. 
For more general and complete information, 
the student should consult a good technical 
dictionary or encyclopedia, an engineering hand- 
book, or an engineering or physics text. 

AGCELEROMETER.~An instrument that 
measures one or more components of the ac- 
celerations of a v^icle. 

ACQU1SITI0N.-The process of acquiring a 
target >y radar; the initial contact with a 
selected or desired target prior to lock-on. 

ACTIVE BiATERXAL—Pissionable material, 
such as Plutonium (Pu^SO), uranium (U23S), or the 
tiiorium^derived uranium isotope, U233, which 
16 capable of supporting afission chain reaction. 
Ja the military field of atomic energy, the term 
refers to the nutilear components of atomic 
weqiohS exclusive of the natural uranium 
parts. 

AERODYMAMICS.-The science that deals 
with the motion of air and other gases and 
with the forces acting on bodies moviw throuidi 
these gasee. 

AFCi-'An abbreviation for automatic fre- 
quency coBt^l, A cir<iuit that maintains ac- 
eurftte fireqiieney control. 

AFTfiKBtJRNlNak-l. The^racteHiitic of 
some rocket motors tobum irflguliu>iy for some 
time after the main burning and thrust has 
eeaiedi 2i the ptoteia of fuel injection and 



combustion in the exhaust Jet of a turbojet 
engine (aft or to the rear of the turbine). 

AGO.— An abbreviation for automatic gain 
control. A circuit arrangement that automat- 
ically mamtains the output amplitude (sound 
level in audio receivers) essentially constant, 
despite variations in input signal strength. 

AIRSPEED, TRUE—Calibrated airspeed 
corrected for altitude effects, i.e., pressure and 
temperature, and for compressibility effects 
v^ere high speeds are concerned. Nbt to be 
confused with ground speed. 

AMBIENT CONDITIONS. -Environmental 
conditions; may pertain to presur e, temperature, 
etc. 

ANGLE, DRIFT.-The horizontal angle be- 
tween the longitudinal axis of an aircraft or 
missile and its path relative to the ground. 

ANGLE, ELEVATION.-Angle between the 
horizontal and a line from an observer to an 
elevated Object. 

ANGLE, FUGHT PATH._The angle between 
the fiight path of an aircraft or missile and 
the horizontal. Sometimes called FLIGHT PLAN 
SLOPE. 

ANGLE, QLIDING.-The angle between the 
flight path during a glide and a horizontal 
axis fixed relative to the earth. 

ANGLE OF ATTACK.-The angle between a 
reference Itae fixed with respect to an air- 
frame and the apparent relative fiow line of 
the air. 

ANGLE OF ATTACK, ABSOLUTE. -The 
angle Of attack of an airfoU, measured from 
the attitude of zero lift^ 

ANGLE OF ATTACK, CRrnCAL.-The 
angle of attack at whith the fiow about the 
airfoil changes abruptly, as evidenced by ab- 
tnpt changes in ttie lift and drag. 

ANODE.-.A positive electrode; the plate of 
a vacuum tube. 

ANTENNA.-A device which radiates r-f 
power into space in the form of electromagnetic 



947 



851 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



energy. It also provides a means of reception 
of electromagnetic energy, 

ANTISUBMARINE TORPEDO.-A 
submarine-launched, long-range, high-speed, 
wire-guided, deep-diving, wakeless torpedocap- 
able to carrying a nuclear warhead for use In 
antisubmarine and antisurface ship operations. 
Also known as Astor. 

APOGEE.-The point at which a missile 
trajectory or a satellite orbit is farthest from 
the ^center ot. the gravitational field of the 
controlling body (the earth) or bodies. 

ASTRONAUTICS.-*The science of traveling 
through space or sending missiles or guided 
vehicles into space. 

ATHODYD.-*A ramjet; an abbreviation for 
Aero-THermODYnamic Duct. 

ATTITUDE.— The position of an aircraft or 
missile as determined by the Inclination of 
its axes to some frame of reference. If not 
otherwise specified, this frame of reference 
is fixed with respect to the earth« 

AUDIO FREQUENCY.-A frequency whicb 
can be detected as sound by the human ear. 
The audio frequency range is normally under- 
stood to extend from 20 to 20,000 cycles 
per second. 

AUTOSYN.— A Bendix-Marine trade name 
for a synchro, derived from the words AUTO- 
matically SYNchronous. See ''synchro/' Also 
called Selsyn. 

AZIlyIUTH.->The angtular measurement in a 
horizontal plane and in a clockwise direction 
at a point oriented to north. 

BAND-PASS FILTER.-A circuit designed 
to pass, with nearly equal response, all cur- 
rents having frequencies within a definite band, 
and to reduce the amplitudes of currents of 
all frequencies outside that band. 

BANDVWTH.— The number of cycles, kil- 
ocycles, or megacycles expressing the dif- 
ference between the lowest and highest fre- 
quencies of a portion of the frequency spectrum; 
for example, a TV or radio station channel 
assignment . 

BANO-BANO C0NTROL«-0n-off control In 
which control surfaces are ordered either 
''ftiU-over'V or to the neutral position. Also 
called flip-flop control and flicker control. 
, BARO.— A pressure^sensitive device (es- 
sentially a pressure alilmetw) used in some 
weapons to actuate circuitSi The term is a 
contraction of '^rometric switch/' sometimes 
referred to as a '1)af08witch/V Kot to be 
conftised with barometer, an instrument which 



measures atmospheric pressure, without a 
switch attachment or connection. 

BASELINE.— A line Joining a master and 
slave station in a Loran system* 

BEAT FREQUENCY .-A signal which re- 
sults when two signals of different frequencies 
are applied to a nonlinear circuit. The beat- 
ing together of the signal results in a signal 
which has a frequency equal to the difference 
of the two applied frequencies. 

BETA (P) PARTICLE (BETA RAY),-One 
of the particles which can be emitted by a 
radioactive atomic nucleus. It has a mass of 
about 1/1837 that of a proton. The negatively 
charged beta particle is identical with the 
ordinary electron, while the positively charged 
type (position) differs from the electron in 
having equal but opposite electrical properties 
The emission of an electron entails the change 
of a neutron into a proton inside the nucleus. 
The emission of a positron is similarly as- 
sociated with the change of a proton to a neu- 
tron. Beta particles have no independent ex- 
istence outside the nucleus, but are created 
at the Instant of emission. 

BINARY NUMBER SYSTEM. -A number sys- 
tem, which uses two symbols (usually 0 and 
1) and has two as its radix (the fundamental 
number). Just as the decimal system uses ten 
symbols (0, 1, 2, 3, etc.), and has ten as its 
radix. The system is widely used in electronic 
computation where electrical connections can 
be used to represent the binary conditions, such 
as, an open relay means 0, a closed relay 
means 1. 

BIPROPELLANT.— A rocket propellant made 
up of two separate ingredients ^ich are sep- 
arately fed to the conibustion chaniber. 

BOLOMETER.-l. A very sensitive tjrpe 
of metallic resistance thermometer, used for 
measurements of thermal radiation. 2. In 
electronics, a small resistive eleitaent capable 
of dissipating microwave power, using the heat 
so developed to effect a change in its resist- 
ance^ thus serving as an indicator; commonly 
used as a detector in low- and medium-level 
power measurement* 

BOOSTER.«^l. A high-explosive element 
sufficiently sensitive so as to be actuated by 
small explosive elements in a toze or primer 
and powerful enough to cause detonation of 
the main idxplosive filling. 2. An auxiliary 
or rinitial propulsion system which travels with 
a missile or aircraft and iKAiich may or may 
not separate from the parent craft when its 
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impulse has been delivered. A booster system 
may contain or consist of one or more units. 

BREEDING (NUCLEAR).-A process where- 
by a fissionable nuclear species is used as a 
source of neutrons to produce more nuclei of 
its own kind. This is the flmction of a breeder 
nuclear reactor (atomic pile), vrtiich, by trans- 
mutation, produces a greater nuniber of fis- 
sionable atoms than the number of parent 
atoms consumed. 

BUBBLE.-The fireball formed in an under- 
water nuclear explosion, y^iich contains hot 
gases and vapors. It expands and bursts after 
reaching the surfiice of the water. 

BURTON METHOD (BURTONING).-Name 
sometimes given to the yard and stay method 
of handling a cargo. A method of replenishment 
at sea wherein a winch on each ship provides 
power and the single whips from the winches 
are shackled together. Also, a method of rig- 
ging tackles so that two sources of power 
are used. 

CANARD.-A type of airframe having the 
stabilizing and control surfaces forward of the 
main supporting surfaces, while the main lift- 
ing surfaces are rigidly attached in the aft 
region of the body. 

CAPACITOR.-TWO electrodes or sets of 
electrodes in the form of plates, separated 
from each other by an insulating material 
called the dielectric, and used to store an 
electric charge. 

CARRIER.v—In electronics, the carrier is 
the basic r-f wave upon ^ich other signals are 
superimposed to transmit information. 

CATHODE-RAY TUBE (CRT).-A special 
form of vacuum tube used in various electronic 
applications, e.g., as the picture tube of a 
television receiver and as an oscilloscope 
tube. 

CENTRIFUGAL FORCE.-A force caused by 
inertia exerted on a rotating object in a direction 
outward from the center of rotation. 

CENTRIPETAL.i.Moving inward, or directed 
Inward, in a sense toward the center. 

CHAFF.~Electromagnetic-r a d 1 at 1 o n re- 
flectors in the form of narrow metallic strips 
of various lengths and frequency responses 
used to create radar echoes for confusion of 
enemy radars. One type, called jwpe or rope- 
chalf, consists of a roll of metallic foil or 

CHAIN REACTI0N.-In general, any self- 
sv jtaining process, Aether molecular or nu- 
clear, the products of nAiich are Instrutaiental 
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In, and direcay contribute to the propagation 
of the process. Specifically, a fission chain 
reaction, v*iere the energy liberated or par- 
ticles produced (fission products) by the fis- 
sion of an atom cause the fission of other 
atomic nuclei, which in turn propagate the 
fission reaction in the same manner. 

CHUGGINGe-^Intermittent burning of a pro. 
pellant which results in low frequency pressure 
osciUations. Also called chuffing. 

CIRCUIT BREAKER.-An electromagnetic or 
thermal device that opens a circuit when the 
current in the circuit exceeds a predetermined 
amount. 

CIRCULAR ERROR PROBABILITY (CEP).- 
The radius of a circle about the aiming point 
wlthi 1 which there is a 50 percent probability 
of hitting. Also called Circular Prdbable Error 
(CPE). It describes the hitting accuracy of a 
guided missile or an artillery shell. 

COAXIAL CABLE.-A transmission line con- 
sisting of two conductors concentric with and 
insulated from each other. The dielectric (in- 
sulator) may be either a solid or a gas. 
Coaxial cables are used as transmission lines 
for radio, radar, and television signals. 

COLLECTOR.-Electrode in a velocity- mod- 
ulated vacuum tube on vfcich the spent electron 
'bunches'* are collected. In a transistor, it is 
an electrode through which a primary flow of 
carriers leaves the interelectrode region. 

COMPARATOR.-A circuit which compares 
two signals and indicates variances between 
them. The circuit is also known as an "add- 
or-subtract" circuit. 

CONSOLE. -A grouping of controls, indica- 
tors, and similar electronic or mechanical 
equipment, usually mounted on a large table- 
like or panel type equipment, used to monitor 
readiness of and/or control specific functions 
of a system, such as missile checkout, count- 
down, or launch operations. 

CONTINUOUS WAVE (C-W) RADAR.-A 
system in ^ich a transmitter sends out a 
continuous flow of r-f energy to the target. 

COSMIC RAys.-A highly penetrating ra- 
dlatlon apparently reaching the earth In all 
directions from outer space. Experimental <*- 
servatlons show that the cosmic rays entering 
our atmosphere are composed almost entirely 
of positively c:iarged atomic nuclei. The 
Intensity of the rays decreases through col- 
lisions with other atomic particles while passing 
through the atmosphere^ 
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CRITICAL MASS OR SIZE.-The amount of 
fissionable material that will Just support a 
spontaneous chain ';eaction power level. This 
is related to the volume it occupies, or size. 
The mass of miv:^rial .nay be referred to as 
crit, which, under given set of cohdltiais, is 
of critical size. 

CRUCIFORM.- -A configuration In the form 
of a cross with Legs 90^ apart. 

CRYSTAL-CONTROLLED OSCILLATOR.— 
Ar ot-oUlator uiiose frequency Is controlled to 
a hi(?h degree f^i accuracy by the use of a quartz 
cry&ial. Thi<r. frequency is dependent on the 
physical dimersions of the crystal, especially 
the thickness. 

C::YSTAL MD* ER.^A device using certain 
pro{^erties of a ^.T^stal (germanium, silicon} 
to mix two fVrequeiiclefii. 

CRYOTRON.— A device U5ed for pwitchlngj 
making use of the fact that the suyerconductive 
transition depends on temperature as wrll as 
electromagnetic field. A straight wire ifi plac&v'^ 
Ir side a coil of different material and cooled to 
its superconductive tem^ierati'^re,! at y^icL a 
very small voltage Mil cause a pe^rsistent cv:r- 
rent to flaw through the wire. If another cnr^^ 
rent v^HS&^es through the coll, the fXirroimdi.Vs; 
Tii ignetic iMA causes the current in the wire 
to ce^se. 

DEAD REOKONING.-^The process of ob- 
taining an approximate position using a fix for 
a reference point and t^en estimating the effects 
of winds, . currents, etc. 

DECIBEL.— A unit expressing the magnitude 
of a change in sound or electrical power level. 
One decibel (db) is approximately the amount 
thai the i^ower of a pure sine wave sound must 
be changed in order for the change to be just 
barely detectable by the average human ear. 

DECONTAMINATION.<i»The process of re- 
moval of contaminating radioactive material 
from personnel, objects, structures, oranarea. 
the problem of decontamination consists es- 
sentially cf reduction of the level of radio- 
activity, chiefly by removal of the clinging 
radioactive material, and thus reduction of 
the hazard it imposes to a reasonably safe 
limit. The term can also be applied to the 
processes applied to biological or chemical 
agents. 

DELAY CIRCUIT.-A circuit idiich delays 
the starting of a waveform. 

DEMODT)LATOR.^A device which deHves 
infdrmation from a modulated waveform. 



DETECTOR,— In electronics, the receiver 
stage in which demodulation takes place, sep- 
arating the modulation component from the 
received signal. 

DIE R GOLIC (NON-HYPERQOLIC).-A 
property of liquid propellants (oxidizer and 
fuel) whereby they do not react spontaneously 
when brought into contact, but require an 
auxiliary ignition system to initiate condbustion. 

DISCRIMINATOR.— A device (In electronics) 
used to convert input frequency changes to 
proportional output voltages. For example, in 
a radio receiver, the stage that converts the 
frequency- modulated signals direct!? to audio- 
frequency signals. 

DJSTORTION.-cIh electr :::.xa^eticS| the 
production of an cntpvA waveform which is not 
a t: «<r reproduction of the Input waveform. 
Distortion may consist of irregularities in 
amplitude, frequency, or phase. 

DITHER.-A signal of controlled amplitude 
and frequency applied to the servomotor op- 
erating a transfer vkXv^r such that a transfer 
valve is constantly being "quivered'' and can- 
not stick at us nulled position. 

I>OUBLER.— In electronics, a frequency- 
multiplier circuit that doubles ths input fre- 
quency. It is often used in misoUe transponder 
equipment. The transponder signal <^ thus 
be distinguished from the ground transmitter 
signal that activated it, but can still be a 
kno-^ function of the original signal. 

ELECTROMACjNETIC.-Pertalning to the 
combined electric and magnetic fields asso- 
ciated with radiation or with movement of 
changed particles. Electromage^c radiation 
includes the entire range of radiations pro- 
pagated by electric and magnetic fie?dS| ln«- 
eluding x-rays, gama, ultraviolet, light, in<« 
fraredi heat, and rt^Uo rays. From the shortest 
wavelength (f.amma rays) to the longest rad^x) 
waves, all {jra^rd with the ^peed of light. 

ELECTR0NSC3.-The broad field pertaining 
to the condrctica of eJectrielty tftrou^h vacuum, 
gases, or Of>mieonductors, and circuits as« 
sociated theit^^«?ith. 

EMISSIViTY.-The rate at which the surface 
of a solid or a liquid emits electrons when 
additional enc^rgy is impaV*ted to the free elec- 
trons In the material hy the action of heat, 
light, or ofher radiant ienergy or by the impact 
of other electrons oil the surface. 

ENVELOPjS:<^In electrohics-l. The glass 
or metal housing of a vacuum tube; 2. A 
ci^ne drawn to pasisi through the peaks of a 
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graph showing the waveform of a modulated 
radio-frequency carrier sig^nal, 

EPILATION.-FaUing out of the hair. Cases 
described in this text were caused by exposure 
to nuclear radiation. 

ESCAPE VELOCITY.-The speed necessary 
to escape from the gravitational pull of a body. 
This is calculated at seven miles per second. 
A projectile accelerated from the earth's sw- 
face below this speed will gradually return 
to earth (following a ballistic trajectory) be- 
cause of the gravitational pull of the earth. 

EXPLOSIVE TRAIN (Explosive Chain).-In 
missile armament, a series of explosive el- 
ements including pHmer detonator, andbooster, 
arranged to per. it warhead explosion to be 
initiated by relatively weak fuze signals. 

FAIL-SAFE. » A provision built into the 
mechanism of a potentially hazardous piece of 
equipment vAich provides that the equipment 
will remain safe to friendly users even though 
it flails in its intended purpose. A projectile 
fuze which is armed with an inertia setback 
device so that it remains safe until accelerated 
in firing is an example of a fbil-safe device. 
A missile destruct system vdiich operates 
automatically upon discontinuance of a control 
signal is afail-safedevice. All nuclear weapons 
have fkil-safe appliances. 

FDC.-An accurate navigational position 
obtained by lines of hearing on fixed dbjects 
or celestial dbservations. 

FLASH DEPRESSANT.-A compound added 
to solid prdpellants (usually those of granular 
type) to reduce the Intensity of the e^diaust 
flame. 

FLOWMETER.-Aninstrument used to meas- 
ure the flow rate of a fluid in motion. 
In missile applications the rate of fuel flow 
is an important matter in the ftmctioidng of 
the propulsive system. Simple mechanical de- 
vices often are not usable because of highly 
corrosive fluids, or extremely cold fluids such 
as liquid oxygen. 

F-M/C-W RADAR.-A radar which uses 
frequency modulation and the pulse of continuous 
wave energy for target tracking. Frequency 
modulation is used fordeterminingtarget speed, 
while the continuous wave is used for determining 
range. 

^ FREQUENCY.-The numb* of complete 
isycles per second existing in any form of wave 
motion. In eleetriclty, the fi^equency is the 
number of complete alternations per second 
of an alternating current. The standard in 



the United States is 60 cycles per second. 
In acoustics, the frequency represents the 
number of sound waves passing any point of 
the sound field per second. In light or other 
electromagnetic radiation, frequency is usually 
so enormous (500 million million per second 
for yeUow light) that wavelengths or wave 
numbers (reciprocal of wavelength measured 
in cm) are ordinarily used instead. Radio 
frequencies are commonly given in thousands 
of cycles (kilocycles) or millions of cycles 
(megacycles) per second. 

For example, IS kc is understood to mean 
15,000 cycles per second. A list of the fre- 
quency designations follows: 



Very low... 

Low 

Medium .... 
High 

Very high .. 

Ultrahigh... 

Superhigh. . . 

Extremely 
high 



vlf... Below soke 
If ... 
mf . .. 
hf ... 



30 to 300 kc 

300 to 3,000 kc 
3,000 to 30,000 kc 
or 3-3Qmc 
vhf. . . 30,000 to 300,000 kc 

or 30-30Qmc 
uhf. . . 300,000 to 3,000,000 kc 

or 300-3OOQmc 
shf. . . 3,000,000 to 30,000,000 kc 
or 3,000-30,000mc 

ehf. . .30,000,000 to 300,000,000 kc 
or 3O,O00-3OO,000mc 

FREQUENCY BAND.-A Chanel of fk^equen- 
cies associated with a modulated carrier. Mod- 
ern radars operate in the microwave region 
(shf). ^ 

FREQUENCY, CARRIER.^The frequency of 
the unmodulated radio wave emanated from a 
radio, radar, or other type transmitter. 

FREQUENCY, SUBCARRIER.^In telemeter- 
ing, an intermediate frequency that is mod- 
ulated by inteUigence signals and, in turn, is 
used to modulate the radio carrier either alone 
or in conjunction with sUbcarriers on other 
channels. 

FUSE. -A protective device inserted in 
series with a circuit It contains a metal that will 
melt or break when current is increased beyond 
a specific value for a definite period of time. 

FUZE.-A device designed to initiate a 
detonation of a . weapon under the conditions 
desired, such as by impact, elapsed time, 
proximity, or command. 

GANGED DEVICE.*Component88oarrai«ed 
that an adjustment made to one will cause the 
same adjustment to be made to all. 
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GANTRY.-A device used for erecting and 
servicing large missiles. The large, crane 
type structure travels on rails and can be 
pushed a>vay Just before firing. 

GATE. - An arrangement which permits 
radar signals to be received in a small selected 
fraction of the principal time interval. 

GATE CIRCUIT.-A circuit which passes 
or amplifies a signal only on occurrence of 
a synchrcmizing signal. 

GATING(CATHODE.RAY TUBE).- Applying 
a rectangular voltage to the grid or cathode 
of a CRT to sensitize it during the sweep time 
only. 

GHOSTS.— False echo images on a radar- 
scope. 

GLIDE 60MB.— A winged missile powered 
by gravity. The wing loading is so high that 
it is incapable of flight at speeds of con«- 
ventional bonibardment aircraft. Such a mis- 
sile must therefore be carried rather than 
towed td the point of release above the target, 

GRAIN.-A mass of solid propellant, cast or 
extruded in a single piece or formedby cement- 
ing or pressing togetiier smaller parts. 

GROUND CLUTTER. -Unwanted radar 
echoes firom terrain. Also called radar clutter. 

GYROPILOT .r-A form of rudimentary dead 
reckoning guidance vAiich automatically controls 
a missile in attitude and flight path. 

HEADING.— The horizontal directionin which 
the missile is pointed. 

HEAT ENGINE.-An engine which converts 
heat energy into mechanical energy. 

, v HEAT SHIELD.-A protective shield used 
to prevent destruction of a reentry subsystem 
by the heat generated in passing back into the 
atmosphere. 

HEAVY WATER.- Water in ^ich the hy- 
drogen of the water molecule consists entirely 
of heavy hydrogen of mass two. It is used as 
a moderator in certain typesof nuclear reactors 
and was essential in the production of the 
first atomic bombs. 

HOT SPOI'S.— Regions ina contaminated area 
in "vrtiich the level of radioactive contamination 
is considerably higher than in neighboring 
regions. 

: HYDROGEN BOMB (or weapon).— A term 
iBometimes applied to nuclear^eiqpons in which 
part of the explosive energy is obtained from 
nuclear fusion, (or thermonuclear) reactions. 

J HYCaiOSCOPIC. -Descriptive of a material 
which readily absorbs and reta[ins moisture. 
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Solid propellants that are hygroscopic must 
be protected against moisture. 

IMPEDANCE.— The total opposition offered 
to the flow of an alternating current. It may 
consist of any conibination of resistance, in- 
ductive reactance, and capacitive reactance. ^ 

INDUCTANCE.— The property of an electrical 
circuit which tends to oppose any change of 
current in the circuit. The symbol for in^ 
ductance is ''L'' and the unit of measure is 
the "henry." 

INNER BODY.-Any closed body, located in 
a ramjet or other duct, around which the air 
taken into the diffuser or engine must flow. 

INNER LOOP.— In guided missile control 
systems, the feedback loop consisting of the 
control system and missile aerodynamics, as 
contrasted to the outer loop, which consists 
of the external guidance system kinematics. 

INTERVALOMETER.-Any device that may 
be set so as to accomplish automatically a 
series of like actions, such as taking of aerial 
photographs, at a constant, predetermined in- 
terval. 

ISOBAR.— One of two atoms or elements 
having the sameatomic weights or mass numbers 
but different atomic numbers. 

ISOMER, NUCLEAR.-One of two or more 
nuclides having the same atomic number and 
the same mass number but existing for meas- 
urable time intervals in different states. The 
state of lowest energy is called the ground 
state; all those of higher energy are metastable 
states. The letter m added to the mass number 
in the symbol of the nuclide indicates it is 
a metastable isomer, as Br8£hn, 

JET STREAM.— In meteorology, a narrow 
band of high velocity wind in the upper tropo- 
sphere or in the stratosphere. One is in the 
northern hemisphere in the middle to northern 
latitudes, and one is inthesouthernhemisphere. 
The velocity varies from 100 to 500 miles per 
hour. 

In missiles, the Jet stream is the stream 
of combustion products (exliaust gas, etc.) 
from a Jet engine, rocket engine, or rocket 
motor. 

JETTISON DEVICE.-A mechanism for cast- 
ing loose or dumping a missile from a ship or 
launcher, to be used in case of a misfire 
^ ox; similiar miishap ixAien there is danger of 
the missile exploding on the ship. On a mis- 
sile, a Jettison device separates a secticxi of 
the missile in flight, e.g., at staging of a 
ballistic missile. 
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JP-l, JP.2, JP-5,JP.6.-.Kerosene type Jet 
fuels with different Hash points and burning 
characteristics. JP-S is used almost exclu- 
sively by Navy Jets. 

JP-3, JP-4.-Jet fuels consisting of mix- 
tures of hydrocarbons but with different burn- 
ing characteristics. JP-4 is the most commonly 
used fuel for turbojets. 

KILL PRQBABILITY.^A measure of the 
probability of destroying a target. 

KNOT .-A nautical mile (approx. 2,000 yd) 
or 1.1516 statute miles per hour. It is not a 
measure of distance, but of speed. 

LAUNCH PHASE.-.That portion of the mis- 
sile trajectory from takeoff through booster 
burnout. For multistage missiles, it is ttie 
period from takeoff to first-stage burnout. 

LAUNCHER, ZERO LENGTH.^A launcher 
that supports a missile in the desired attitude 
prior to ignition, but ^ich exercises neg- 
ligible contrcA on the direction of the missile's 
travel after ignition. 

LIMITER.-In electronics, a circuit that 
limits the maximum positive or negative values 
of a waveform to some predetermined amount. 
It is used in frequency modulated systems to 
eliminate unwanted variations of amplitude in 
received waves. 

LORAN.— Derived from LOng RAnge Nav- 
igation. An electronic navigation system in 
which two or more fixed transmitting stations 
utilize a pulse transmission technique. Air- 
craft and surface vessels receiving the trans- 
mitted signals may determine ranges to the 
stations and thereby establish the location of 
the receiver^ 

LOX.-^The commonly accepted abbreviation 
for liquid oxygen. The term originally denoted 
liquid oxygen explosives (L for liquid, O for 
oxygen, X for explosive). Gaseous oxygen is 
often abbreviated GbX. 

MAGNETIC TAPE.^A tape or ribbon of 
any material impregnated or ccmted with mag- 
netic or other material on v^ich information 
may be placed in the form of magnetically 
polarized dots. One use is in missiles with a 
preset or programmed flight path. 

MAGNETRON.^ A vacuum-tube oscillator 
containing two electrodes in^^ which the flow 
of electrons from cathode to anode is controlled 
by an externally applied magnetic field. It is 
used to generate microwaves (radar frequen- 
cies) with high output power. 
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MARGIN OF SAFETY.-As used in missile 
design, the percentage by which the ultimate 
strength of a member exceeds the design load. 

MARRIAGE.— The process of uniting 
physically the missile stages and all major 
subsystems. 

MEGOHM.-A million ohms. 

MEMORY UNIT.-A data storage device 
contained in a computer. 

MERIDIAN.— A great circle on the earth that 
passes through the poles. Longitude is meas- 
ured from the prime meridian, which passes 
through Greenwich (near London), England. 

MEV.— Abbreviation for one million electron 
volts, a unit of energy. 

MICRO.-A prefix meaning one-millionth. 
The abbreviation is the Greek letter mu, $i. 

MICRON.-One-millionth of a meter. 

MICROSECOND.-One- millionth of a second. 

MICROSYN.-A name applied to a small 
type of synchro whose chief merit is that 
there are not electrical connections to the rotor. 
It caii be used as an inductive potentiometer. 

MICROWAVES. -Extremely short radio 
waves that are not more than a few centimeters 
in wavelength. 

MISFIRE.— An unsuccessful attempt to start 
a rocket motor; usually but not always a case 
in vAiich the igniter functions properly but the 
propellant does not ignite (or does ignite but 
goes out). 

MKER.-In electronics, a stage in which 
two quantities are conibined to obtain a third 
quantity. The third quantity contains the in- 
telligence of the original inputs. Those quan- 
tities not further desired can be filtered out. 

MODERATOR. -A material that slows neu- 
trons. Used chiefly in a nuclear reactor, or 
atomic pile. 

MODULE.^As used in the automation and 
electronics field, a singleassenlbly of parts and/ 
or conqponents to form a larger component \iAiich 
meets a functional requirement by performing 
all of the resistive, inductive, and capaci- 
tive functions of a vacuum tube circuit. 

As a combination of components within a 
package, or so arranged that they are conunon 
to one mounting, that provide a complete func- 
tion or functions necessary for subsystem or 
system operation. This type of arrangement 
makes field (shipboard) repair sinq[>ly a matter 
of removing the malfunctioning module and 
putting a new one in its place. The defective 
module is returned to the &ctory or other 
conqpetent agency for r^air. 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



MOLECULE,— The smallest particle of any 
substance that can exist free and still exhibit 
all the properties of the substance, 

M0NIT0RING.-1. The act of listening to, 
reviewing, and/or recording enemy, one's own, 
or friendly forces' communications for the 
purpose of maintaining standards, improving 
communications, for reference or for enemy 
information, 2. The detecting and/or assessing 
of known or suspected radioactive hazards, 
using radiation measuring instruments. 

MONOCOQUE.— A type of airframe construc- 
tion without framing which relies for its rigidity 
primarily upon the surface or skin; a shell- 
like structure. 

MULTIPLEX. -Denotes the simultaneous 
transmission of several functions over one link 
without loss of detail of each function, such as 
amplitude, frequency, phase, or wave shape. 

MULTIPLEXER.-A device by which two or 
more signals may be transmitted on the same 
carrier wave. 

MULTIVIBRATOR.-.A vacuum tube oscil- 
lator circuit whose output is essentially a square 
wave. A practical application is its use as a 
sweep generator in TV or radar circuitry. 

NAUTICAL MILE.-A measure of distance 
equal to one minute of arc on the earth's sur- 
face. The United States has adopted the Inter- 
national Nautical Mile equal to 1,852 meters or 
6080.20 ft. an hour. See: Knot. 

NOMINAL WEAPON.^A nuclear weaponpro- 
ducing a yield of approximately 20 kilotons. 
See: Nuclear yields. 

NUC LEAR ACCIDENT.^Any unplanned 
occurrence involving loss or destruction of, or 
serious damage to, nuclear weapons or their 
components MAiich results in actual or poteiAial 
hazard to life or property. 

NUCLEAR INCIDENT.^ An unexpected event 
involving a nuclear weapon, focility, or com- 
ponent, resulting in any of the following but not 
constituting a nuclear accident: a. an increase 
in the possibility of explosion or radioactive 
contamination; b. errors committed in assembly, 
testing, loading, or transportation of equipment, 
and/or the malfunctioning of equipment and 
material vAiich could lead to an unintentional 
operation of all or part of the^ weapon arming 
.and/or firing sequence, or could lead to a sub- 
stantial change in yield, or increased dud prob- 
ability; c. any act of God, imfavorable environ- 
ment or cmdition, resulting in damage to the 
weapon, facility, or component. . 



NUCLEAR YIELDS.- The energy released in 
the detonation of a nuclear weapon. Usually 
measured in terms of the kilotons or megatons 
or trinitrotoluene (TNT) required toproducethe 
same energy release. Yields are categorized 
as: 



Very low less than 1 kiloton 

Low 1 kiloton to 10 kilotons 

Medium over 10 kilotons to 

50 kilotons 

High over 50 kilotons to 

500 kilotons 
Very High over 500 kilotons. 



NUCLIDE.— A general term referring to all 
nuclear species, both stable (about 270) and un- 
stable (about 500), of the chemical elements, as 
distinguished from the two or more nucliear 
species of a single chemical element, MAiichare 
called isotopes. Each species of atom is dis- 
tinguished by the constitution of its nucleus, 
nAich has a specified number of protons and 
neutrons, and energy content. 

OSCILLOGRAM.-The record produced by an 
oscillograph. 

OSCILLOGRAPHY.— A recording instrument 
for making a grajdiic record of the instantaneous 
values of a rapidly varylhg electric quantity as a 
function of time or some other quantity. 

OSCILLOSCOPE.— An instrument for show- 
ing, visually, graidiical representations of the 
waveforms encoutxtered in electrical circuits. 

OVERPRESSURE.-The pressure resulting 
from the blast wave of an explosion. It is 
referred to as ^'ppsitive'* MAien it exceeds the 
atmospheric pressure and ''negative'* during 
the passage of the wave, ^en resulting pres- 
sures are less than atmospheric pressure. It 
is usually expresised in pounds per square inch 
(psi) above the standard atmospheric pressure. 
Peak overpressure is the maximum over- 
pressure caused by a nuclear explosion at any 
given distance from ground zero. 

PARAMBTER.-.An arbitrary constant, as 
distinguished from a fixed or absolute constant: 
e.g., missile gross weight. Any desired numer- 
ical value may be given to a parameter. Mach 
number is a characteristic parameter used in 
computations in supersonic aerodynamics. 

PASS BAND.- (Of a fitter). That band of 
frequencies which are passed with little attenu- 
ation. 

PENTODE.^A 5-element electron tiA>e. 
PERIGEE.-Point of oibit closest to the 
earth. The opposite is apogree, the highest point 
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In the trajectory of a missile, or In a satellite 
orbit, the point that is the greatest distance 
from the center of the earth. 

PETECHIAE.-A condition characterized by 
small spots on the skin. It is caused by the 
escape of blood into the tissues. 

PHOTON.—A photon (or x-ray) is a quantum 
of electromagnetic radiation \^ich has a zero 
rest mass and an energy of h (Planck's con- 
stant) times the frequency of the radiation. Pho- 
tons are generated in collisions between nuclei 
or electrons and in any other process in Mliich 
an electrically charged particle changes its 
momenhmi. Conversely, photons can be ab- 
sorbed (i«e«, annihilated)by any charge particle. 

PIEZOELECTRIC EFFECT.- The phenom- 
enon exhibited by certain crystals of expansion 
along one axis and contraction along another 
when subjected to an electrical field. Con- 
versely, compression of certain crystals gen- 
erates an electrostatic voltage across the crys- 
tal. Piezoelectricity is only possible in crystal 
classes which do not possess a center of sym- 
metry. 

PILE.— A nuclear reactor. The term pile 
comes from the first nuclear reactor vAiich was 
made by piling up graphite blocks and pieces of 
uranium and uranium oxide. 

PIP.— The indication on the CRT or a rad^r 
caused by the echo from an aircraft or other 
reflective 6bject. Also called BUP. It may be 
in the form of an inverted V or a spot of light. 

PLANCK'S CONSTANT (h).^A universal 
constant of nature which relates the energy of a 
quantum of radiation to the frequency of the 
oscillator i^lch emitted it. , It has the dimen- 
sions of action (energy X time). 

PLASTICIZER.-.A material that is added to 
a rocket propellant to increaseplastlcity, work- 
ability, or to extend physical properties. 

POTENTIAL.-The amount of charge heldby 
a body as compared to another point or body. 
Usually measured in volts. 

PREABIPUFIER.-.A stage at the input end of 
an amplifier or receiver ^Ich increases signal 
strength.. : 

PR0PAGATl6N.-Extending the action of; 
transmitting, carrying forward, as in space or 
time, throue^ a medium, as the propagation of 
sound or light waves. ' 

PROPELLANT -WEIGHT RATIO.-The ratio 
of the weight of the propellant to the takeoff 
weight of the qnlssile. This ratio is a measure 
of the emclehcy of the missile configuration and 
the missile power plant. 
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PULSE LENGTH.^The time duration of the 
transmission of the pulse of energy, usually 
measured in microseconds or in the equivalent 
distance in yards, miles, etc. 

PULSE REPETITION RATE.-(Also, Pulse 
Repetition Frequency (PRF)), These terms 
refer to the repetition rate or frequency of the 
pulses transmitted by radar. PRR describes 
the number of pulses transmitted per unit of time. 

PURPURA.-Medical term for a symptom 
characterized by the appearance of purple 
patches on the skin and mucous menibranes, due 
to hemorrhage in the fotty tissues beneath the 
skin. 

QUANTUM,-A discrete quantity of radiative 
energy equal to the product of its frequency and 
Planck's constant. The equation is E = hv. A 
quantum of lig^t energy is a photon. 

QUANTUM THEORY.-The concept that 
energy is radiated intermittently in units of 
definite magnitude called QUANTA. 

R-C CIRCUIT.^An abbreviation for 
resistance-capacitance circuit. It is one of 
the methods used to couple two electronic cir- 
cuits together. Some of the characteristics 
of R-C coupling are wide frequency response 
and lower cost and size than that of transformer 
or other inductive coupling systems. 

RADAR PICKET.^Any ship, aircraft, or 
vehicle stationed at a distance from the force or 
place protected, for the purpose of increasing 
the radar detection range. 

RADARSCOPE.^The visual cathode-ray tube 
(CRT) display used with a radar set. 

RADIAC— A term devised to designate var- 
ious types of radiological measuring instruments 
or equipment. This term is derived from the 
words "RAdioactivity Detection, Indication, And 
Computation,'* and is normally used as an ad- 
jective. 

RADIATION INTENSITY.-The radiation 
dose rate at a given time and place. It maybe 
used coupled with a figure to denote the radiation 
intensity used at a given number of hours after 
a nuclear burst, e.g., RI3 is the radiation in- 
tensity 3 hours after the time of burst. 

RADIATION SCATTERING.-.The diversion 
of radiation (thermal, electromagnetic, or nu- 
clear) from its orig^al path as a resylt of 
interactions o^ collisions with atoms, mole- 
cules, or larger particles in the atmosphere 
or other media between the source of radiation 
(e^p., a nuclear explosion) and a point at some 
distance away. As a result of scattering, 
radiation (especially gamma rays and neutrons) 
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will be received at such a point from many 
directions instead of only from the direction of 
the source. 

RADIO FREQUENCY (RF).«Any frequency 
of electrical energy capable of propagation into 
space. Radio frequencies normally are much 
higher than sound-wave frequencies. 

RECTIFIERS.i-Devices used to change alter- 
nating current (a-c) to direct current (d-c). 
These may be vacuum tubes, semiconductors 
such as germanium or silicoHi dry-disc recti- 
fiers such as selenium and copper-oxide, and 
also certain types of crystals. A ftill-wave 
rectifier circuit is one vdiich utilizes both the 
positive and the negative alternations of an 
alternating current to produce a direct current. 

REFLECTION INTERVAL, RADAR.^The 
length of time required for a radar pulse to 
travel from the source to the target and return 
to the source, taking the velocity of radio 
propagation to be equal to the velocity of light, 
2.998 X 10^ m/sec or 299.8 m/ms. 

RELAY.i-In electronics, there are two re- 
lated meanings. First, the relay may be an 
electromechanical device vdiich, when operated 
by an electrical signal, will cause contacts to 
make or break, thereby controlling one or more 
other electrical circuits. The solenoid is the 
basic mechanism of this tjrpe of relay. Second, 
the relay may be an electronic network to re- 
ceive and transmit information. There is usually 
an amplification stage in the relay process. 

RESISTOR. —A circuit element whose chief 
characteristic is resistance to the flow of elec- 
tric current. 

RESONANCE.— The condition existing in a 
series circuit in which the inductive and capa- 
citive reactances cancel each other. 

REYNOLD'S NUMBER.-An abstract num- 
ber characteristic of the flow of a fluid in a 
pipe or past an dbstruction, used especially in 
testing of scale model airplanes (and missiles) 
in wind tunnels. It is the ratio of the product 
of the density of the fluid, the flow vdocity, 
and a characteristic linear dimension of the 
body under observation to the coefficient of 
absolute viscosity: 



where Re is Reynold's nund)er,Pis density of 
fluid. Vis velocity of flow, L islinear dimension 
of the body in the flow, and m is the coefficient of 
viscosity of the fluid. 



SCALAR QUANTITY .^Any quantity that can 
be described by quantity alone, such as tempera- 
ture, in appropriate units. See also: Vector 
quantity. 

SEEBECK EFFECT.-*A thermocurrent, de- 
veloped or set in motion by heat; specifically an 
electric current, in a heterogenous circuit, due 
to differences of temperature between the Junc- 
tions of substances of which the current is 
composed. A thermocouple produces a Seebeck 
effect; the two different metals in the Junction 
respond at different rates. 

SERVOnLINK.<-A power amplifier, usually 
mechanical, by which signals at a lowpower level 
are made to operate control surfaces requiring 
relative^ large power inputs, e.g., a relay and 
a motor actuator. 

SHORAN.-Derived from the words ''SHOrt- 
RAnge Navigation.'' A precise short-range 
navigation system M^ich uses the time of travel 
of pulse-type transmission from two or more 
fixed stations to measure slant- range distance 
from the stations. In conjunction with a suitable 
computer, is also used in precision bombing. 

SLUG.->A unit of mass. Mass in slugs is 
always obtained by dividing the wei^t in pounds 
by the acceleration of gravity, 32 ft per sec^. 
Turned around, we may define unit force (the 
pound) as that force ^ich, applied to a mass of 
1 slug, will give it an acceleration of a foot per 
second per second. 

SPEED OF SOUND.— The speed at vliich 
sound travels through a given medium under 
specified conditions. The speed of sound at sea 
level in the International Standard Atmosphere 
is 1108 ft/second, 658 knots, 1215 km/hour. 
Speeds are: sonip, subsonic, transonic, super- 
sonic, hypersonic. 

SPEEDGATE.— The function of the speed- 
gate is to locate the target doppler signal and 
track it, and assist in guiding the missile on a 
collision course. It is a narrow band-pass 
filter, that sweeps the specified band of fre- 
quencies to locate the signal. It may be called 
a gate, and the circuit a gate circuit. 

SQUIB.i-A small pyrotechnic device which 
may be used to fire the Igniter in a missile 
booster rocket, or for some similar purpose. 
Not to be confused with a detonator, which ex- 
plodes. 

STAGING.— Act of Jettisoning, at a pre- 
determined flight time or trajectory point, cer- 
tain missile (or spacecraft) components 
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(engines, tanks, booster equipment, staging 
equipment, anct associated equipment) that are 
no longer needed, 

SUPERHETERODYNE.-The term "hetero- 
dyne'' refers to two frequencies mixed (or beat) 
together. The frequency mixing produces two 
beat frequencies which are the sum and dif- 
ference between the two original frequencies, 
A superheterodyne receiver is one in vrtiich the 
incoming signal is mixed with a locally generated 
signal to produce a predetermined intermediate 
frequency. The purpose of the superhetero- 
dyne receiver is to achieve better amplification 
over a wide T-band of incoming signal frequen^ 
cies than could be easily achieved with an RF 
amplifier. 

SUPERREGENERATIVE SET.-A type of high 
frequency (VHP, UHF) receiver ^ich is ultra- 
sensitive. Advantages are extreme sensitlvty, 
simplicity, and reliability. Disadvantages are 
broadness of tuning ^poor selectivity), and re- 
radiation that can cause interference in other 
receiving equipment. 

SUSTAINER.-A propulsion system that 
travels with and does not separate from the 
missile. The term is usually applied to solid 
propellant rocket motors when used as the prin- 
cipal propulsion system, as distinguished from 
an auxiliary motor or booster. However, it 
sometimes denotes any missile stage except the 
booster. 

SWEAT (TRANSPIRATION) COOLING.- 
A technique for cooling conibusticxi chambers 
or aerodynamically heated surfaces by forcing 
coolant through a porous wall. Film cooling at 
the interfoce results. 

TERMINAL VELOCITY.-I. Hypothetical 
maximum speed a body could attain along a spe- 
cified flight path under given conditions of weight 
and thrust if diving through an unlimited dis- 
tance in air of specified uniform density. 
2. Remtilning speed of a projectile at the point 
in its downward path Mdiere it is level with the 
muzzle of the weapon. 

THEODOLITE.~An optical instrument used 
for measuring angles. 

TNT EQUIVALENT.-A measure of the en- 
ergy rolease from a detonation of a nuclear 
weapon, or from the explosion of a given quan- 
tity of fissionable or fUsionable material, in 
terms of the amount TNT (trinitrotdluene) 
vAklch would release the same amount"^ energy 
ixAien exploded. 

THDCOTROPIC PROPELLANT.^A prop^W 
lant (tf gel-like consistency which flows like any 



liquid propellant vAien agitated or pmnped, and 
which, by the addition of powdered metal such 
as aluminum, produces twice the thrust of other 
propellants. 

TONE GENERATOR. -An electronic or 
mechanical device vAioae function is to generate 
a frequency in the audio range. 

TR BOX.-Common abbreviation for 
Transmit-Receive switch or tUbe. This switch, 
or tiibe, permits the use of a single antenna or 
a radar for transmission and reception. The 
TR box prevents the absorption of the trans- 
mitted pulse into the receiver system, thereby 
protecting the receiver circuit from damage, 
and also prevents the transmitter circuits from 
absorbing any appreciable fraction of the reflec- 
ted echo signal. Also called Duplexer. 

TRANSCEIVER.-A combination radio trans- 
mitter and receiver in a single housing with 
some of the electronic circuit componentsbeing 
used dually for transmitting and receiving. 

TRANSPONDER.-.A transmitter-receiver 
capable of accepting the challenge of an inter- 
rogator and automatically transmitting an ap- 
propriate reply (to IFF). 

TUBALLOY.-A colloquial term which refers 
to natural uranium or to metal which is com- 
posed almost entirely of U-238. It is a con- 
traction of ''Tube Alloy," a code name used 
originally to mean naturally occurring uranium 
v^ich is not easily fissioned. 

UMBILICAL CORD.^A cable fitted with a 
quick disconnect plug at the missile end, through 
^ich missile equipment is controlled, moni- 
tored, and tested ^ile the missile is still 
attached to the launcher. 

VECTOR.«A line used to represent both 
direction and magnitude. 

VELOCITY.-Time rate of change or dis- 
placement. Velocity is a vector quantity. The 
magnitude is expressed in units of length divided 
by time, and the direction is given relative to 
some frame of reference, such as fixed axes of 
the earth. ' 

VERNIER.«A measuring device used fbr fine 
and accurate measurement, consisting of a 
short scale made to slide along the divisions of 
a graduated instrument, to indicate parts of 
divisions. > 

VERNIER ENGINE.«Rocket engine (usually 
liqpiid) used to adjust the final velocity of a long- 
range ballistic missile. The engines are also 
used to correct heading errors. 
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VIDEO,— The term is applied to the frequency 
band of circuits by which visual signals are 
transmitted. The term **vldeo** is also used 
when speaking of a very wide band of frequen- 
cieSi including and exceeding the audio band 
of frequencies. 

WEATHERCOCK STABIUTY.-l. An aero- 
dynamic characteristic of a body vMch points it 
into the relative wind. 2. (Arrow stability) 
The partial derivatives of 3rawing and pitching 
moments with respect to angles of attack inyaw 
and pitch. 

X-AXIS,— A horizontal axis in a system of 
rectangular coordinates; that line on which dis- 



tances to the right or left (east or west) of the 
reference line are maxiced, especially on a map 
or chart. 

Y-AXIS.— A vertical axis in a system of 
rectangular coordinates; that line on which dis- 
tance above or below (north or south) thie ref- 
erence line are marked| especially on a map, 
chart, or graph. 

YAW.— An angular displacement about the 
yaw axis of a missile. 

ZENITH.— The point in the celestial sphere 
directly above the observer. 

ZERO-UFT TRAJECTORY.-A trajectory 
vrtiich is independent of aerodynamic lift. 



I 



1 

i 

1 



INDEX 



AA problem^ 258-260 
Absolute temperature, 70 
Acceleration, 33, 231-238 
Accelerometers, 161, 231-238 
Actuator units, missile control 

systems, 132-144 
Aerodynamic forces, 29 
Aerodynamics of supersonic missile flight, 35 
Ailerons, 40 
Air blast, 319 
Air burst, 296, 304, 341 
Aircraft missile systems, 265-267 
Air flow over a wing section, 29 
AirfoUs, 31 

Air Force missiles, 15-17 
Airframsi 51-54 
Airspeed transducers, 118 
Alpha radiation, 276 
Ammeters, 117 
Amplifiers, 151-154 
Antennas, beam-rider guidance, 187 
Army missiles, 14 

Atmosphere, effect on missile flight, 24 
Atomic demolition munitions, 298 
Atomic Energy Commission, 300 
Atomic research, 268 
Atomic structure, 270 
Atomic table, 269, 270 
Atomic warfare defense, 336-340 
Atomic weights and bibliograpl^, 345 
Attitude control, 97 
Automatic sextant, 242 
Auxiliary power supply, 51 
Auxiliary power supply unit, 
missile control systems, 101-105 

Ballistic missiles, 229-231 
Ballistic trajectory, 48 
BaUisUte, 94 
Barium, 335 
Barometric switch, 296 
Batteries used in guided missiles for 
auxiliary power supply, 105 



Beam-rider guidance, 156, 181-204 
application to Navy missiles, 181 
compared to command guidance, 181 
components, 181 

launching station components, 182 
missile components, 182-184 
target, 184 
limitations, 203 
operation of, 196-203 
control radar, 198 
one-radar system, 200-202 
stabilization, 199 
tracking radar, 197 
two-radar system, 202 
principles of , 184-195 

control and tracking radar 

transmitters, 194 
guidance antennas, 184-188 
over-the-horlzon radar, 195 
scanning, 189-194 
radar beam, 193 
Beam-rider trajectory, 48 
Beta radiation, 276 
Bibliography for nuclear weapons 

orientation, 343 
Binding energy; mass defect, 282 
Blast danmge, 304 
Blisters, 325 
Bolometer, 212 
Bombs, 297 
''Bone seekers", 335 
Boyle*s law, 71 
Burns, radiation, 325 
Bursts, nuclear, 304, 331, 340 

Campini, 7 

Celestial-navigation guidance, 160 

Cerium, 335 

Cesium, 336 

Charles* law, 71 

Chemical detectors, 214 

Chemical versus nuclear reactions, 275 

Chemical warheads, 58 



359 



PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS 



Choppers, 128 

ComblnaUon trajectory, 48 

Combustton chamber, missile propulsion 

system, 74 
Command guidance systems, 156, 169-180 

components, 169 

definitions, 169 

functions, 171 

future of, 179 

launching station components, 176 
operation of, 170 

command links, 170 

information links, 170 
purpos? and applications, 169 
transmitters, 172 
types of, 172-180 

hyperbolic, 173 

radar command, 173, 178, 180 
radio, 173-177 
television, 172, 177 
Command links, command 

guidance systems, 170 
Composite guidance systems, 159, 228 

use in preset guidance system, 228 
Computer, missile course, 176 
Computer using specific velocity, 234 
Computing devices, missile control 
systems, 97, 100, 123*129 

function and requirements, 124 

operating principles, 128 

types of, 125-128 
Constant-dive-angle system for missiles, 239 
Control and tracUng radar transmitter, 

beam-rider guidance, 1'94 
Control components and systems, 97-144 

actuator units, 132-144 

auxiliary power supply unit, 101-105 

computing devices, 123-129 

control action, types of, 100 

control systebis, 100 

controller units, 129-132 

definitions, 97 

energy sources, 101 

factors controlled, 99 

methods of control, 99 

missile-control servosystem, 105-108 

pickoffs, 119-123 

purpose and function, 98 

reference devices, 108-113 

sensor units, 113-119 
Controllers and actuators, 154 
Control matrix, 159 
Control radar, beam-rider 

guidance, 198 
Corlolis force, 50 



Cruciform, 45 

Cruisers, guided missile, 249-251 

Damage from nuclear weapons, 316-333 
areas, 317 
ashore, 318 
blast; 319 

compared with chemical explosion, 317 

drag, 320 

eye damage, 326 

nuclear radiation, 333 

ship damage, 318 

shock, 321 

thermal radiation, 324 

zones, 318 
Defense Atomic Support Agency, 300 
Degressive burning, 93 
Delivery systems and techniques, 298 
Destroyers, guided missile, 251-253 
Diaphragm timers. 111 
Diffusers, 79 
Dirt cloud, 308 

Doppler homing equipment, 166 

Doppler principle, 166-168 

Doppler radar, 168 

Drag, 32 

Drag damage, 320 

Drag reduction, 44 

Ducted propulsion systems, 80-86 

Dummy warhead, 59 

Earth's magnetic field, 164-166 
Electrical control system, 133, 141 
Electrically damped accelerometer, 163 
Electrical timers, 109 
Electronic observation, command 

guidance systems, 170 
l^levators, 40 

Energy sources, missile control 

systems, 101 
Error signals, missile control 

systems, 108 
Exercise warheads, 59 
Exhaust nozzle, jet propulsion 

systems, 74-76 
Exhaust vanes, 42 
Explosions, 303 
Eye injuries, 326 

Fallout, 830 

Fallout,^ protection from, 338 
Feedback systems, 154 
Feed systems, liquid-fuel 

rockets, 88 
Fin designs, 46 
Fire storm, 327 
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Fission weapons, 290 

Flash depressor, 94 

Fleet ballistic missile, 2 

Formulas and laws, Jet propulsion, 70-74 

Fragmentation warheads, 56 

Fuels, Jet engine, 76 

Fuel supply, missile propulsion 

systems, 76-78 
Fusion weapons, 293-295 
Fuzes, guided missile, 59-64 
Fuzing for surface burst, 296 
Fuzing techniques, 296 

Galcit, 95 

Gamma radiation, 277 

Gas laws. Jet propulsion systems, 71 

Gas tight envelope, 339 

Glossary, 347-358 

Goddard, Robert H. , 7 

Goli^ detector, 212 

Ground zero, 342 

Guidance antennas, beam-rider, 184-188 
Guidance systems, 145-168 

application of natural phenomena, 164-168 

Doppler principle, 166-168 

earth's ma^etic field, 164-166 
basic principles, 146 
components of , 148 

amplifiers, 151-154 

controllers and actuators, 154 ' 

feedback systems, 154 

reference units, 151 

sensors, 148*151 
phases of guidance, 146-148 
purpose and function of, 145 
types of, 155-164 

active, 321, 222 

beam rider, 156 

celestial, 160 

command, 156 

homing, 205-224 

inertial, 6, 160 

navigational, 231-248 

optical, 170 

passive, 159, 210-217 

radar, 185 

radio, 173 

television, 172, 177 

terrestrial, 160 
Guided missiles, components of, 51-66 
airframe, 51-54 
auxiliary power supply, 51 
body configuration, 53 
control system, 51 
guidance system, 51 



location of components, 51, 52 
pay load, 57 

propulsion systems, 51, 54 

sectionalization of, 51 

telemetering systems, 64-68 

warheads, 51, 55-59 
Guided missiles, delivery systems 

and techniques, 298 
Guided missiles, introduction to, 1-23 

after and during World War II, 10-12 

classification of , 12 

components of, 6 

current U.S. service missUes, 14-23 
Air Force missiles, 15-17 
Army, 14 

Navy missiles, 17-23 
designations, 12 

Navy missile and rocket, 13 
guidance, 4-6 

systems, 9 
history of, 6 
propulsion systems, 6-9 
purposes and uses at, 2-4 
symbols, 13 
types of, 4 
weapons systems, 2 
Guided missile ships and systems, 249-267 
aircraft missile systems, 265-267 
mission of, 249 

submarine missile systems, 261-264 

surface ship missile systems, 254-260 
AA problem, 258-260 
missUe logistics, 260 
missUe stowage, loading, and 

launching systems, 258 
Navy TacUcal Data System, 260 
organization of missile ships, 254 
Terrier (RIM) missUe system, 255-258 

types of missile ships, 249-253 
cruisers, 249-251 
destroyers, 251-253 
submarines, 253 
Gunfl^ 291, 298 

delivery techniques, 298 

Half life, principle of, 277 

Half thickness, examples of, 278, 279 

Heading reference, 226 

Heat barrier, 36 

High altitude bursts, 315 

Homing guidance, 205-224 

active homing guidance, 221, 222 

basic principles, 205 

interferometer, 222-224 

passive homing system, 210-217 
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Homing guidance (continued) 

basic principles of, 210-214 
infrared target detection, 217 
missile components, 214-217 
radio frequency, 217 
target characteristics, 214 
semiactive, 218-221 
trajectories, 207-210 

lead angle or collision course, 208-210 
pursuit homing, 207 

Hot-gas auxiliary system, 102 

Hybrid guidance, 160 

Hybrid propulsion engine, 96 

Hydraulic actuators, missile, 133 

Hydraulic-electrical control 
system, 133 

Hydrodynamics, 46 

Hyperbolic guidance system, 157, 173 

Hyperbolic trajectory, 48 

Hypersonic flight, 36 

Ignition systems, missile propulsion 

systems, 78 
Illuminating warheads, 59 
Impact fuse, guided missiles, 60 
Implosion weapon, 292 
Ihertial guidance, 6, 160 
Information links, command guidance 

systems, 169, 170 
Infrared portion of electromagnetic spectrum, 

passive homing system, 210 
Infrared target detection, passive homing 

guidance system, 217 
Injectors, missile propulsion 

systems, 78 
Initiator, 293 
Inline cruciform, 45 
Intercontinental ballistic missile, 2 
Interferometer, homing guidance, 222-224 
Ionosphere, 26 
Isotopes, 272 

Jet, atmospheric, 44 
Jet control, 42 

Jet propulsion systems, 54, 69 

Launching station components, command 

guidance systems, 176 
I^ws and formulas, -missile propulsion 

systems, 70-74 
Lead angle course, 48, 208 -a 
Lead homing, 159 / ^ 

Lift, 31 : _ 

Lift and drag, 28 
Lift effectiveness, 44 



Liquid-damped system, 162 

Liquid-fuel rockets, 88-92 

Liquid propellants, 77 

Lobe formation of radar beam, 186 

Local fallout, 341 

Loran system, 157 \ 

Lorin, Rene, 7 

Luminescent detectors, 213 

Mach numbers and speed regions, 35 
Magnetic forces, 50 
Muiometer accelerometer with 

venturi damper, 163 
Mass- energy, laws of, 281 
Matter, nature of, 269-275 
atomic structure, 270 
atomic table, 269 
chemical implications, 271 
chemical versus nuclear 

reactions, 275 
electrical implications, 271 
electron shells, 270 
isotopes, 272 
nuclear symbols, 272 
stabiUty, 273 
Mechanical digital indicator, 227 
Mechanical timers, 109 
Missile configuration, effects of, 44-47 
Missile cpntrol components and 
systems, 97-144 
actuator units, 132-144 
auxiliary power supply unit, 101-105 
computing devices, 123-120 

junction and requirements, 124 
operating princU>les, 128 
types of, 125-128 
control action, types of, 100 
control systems, 100 
controller units, 129-132 
electrical, 133, 141 
hydraulic, 133 
hydraulicrelectrical, 133 
pneumatic, 133, 137-141 
pneumatic -electric, 14i 
definitions, 97 
energy sources, 101 
factors controlled, 99 
methods of control, 99 
missile-control servosystem, 105-108 
pickoffs, 119-123 
purpose and function, 98 
reference devices, 108-113 
sensor units, 113-119 
Missile course computer, 176 
MissUedive atUtude, 240 
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Missile flight, factors affecting, 24-50 
aerodynamic forces, 29 

air flow over a wing section, 29 
effects of, 31-33 
missile control, 33-35 
terminology, 30 
aerodsmamics of supersonic 
missUe flight, 35-47 
control of supersonic missiles, 39-44 
heat barrier, 36 
Mach nuxnbers and speed 

regions, 35 
missile configuration, 44-47 
Reynolds number, 35 
Shockwave, 36-39 
atmosphere, 24-26 
coriolis force, 50 
forces acting on a flat surface in 

an airstream, 28 
gravity, 49 
lift and drag, 28 
magnetic force, 50 
Newton's law of motion, 27 
relativity of motion, 27 
wind, 49 
Missile plotting system, 177 
Missile propulsion systems, 69-96 
atmospheric jets, 80-86 
pulsejet engines, 80-82 
ramjets, 84-86 
turbojets, 82-84 
basic laws and formulas, 70-74 
absolute pressure, 70 
absolute temperature, 70 
application of , 72-74 
gas laws, 71 
components of , 74-80 
combustion chamber, 74 
diffuser, .79 
exhaust nozzle, 74-76 
fuel supply, 76-78 
ignition systems, 78 
injectors, 78 
Jet propulsion systems, 

classification of , 69 
principles of, 70-74 
rocket mqtQrs, : 86-96 
hybrid propulsion, 96 
liquid-fuel rockets, 88-92 
nuclear-powered rockets, 95 
soUd-fuel rockets, 92-95 . 
Missile receiver, beam-rider 

guidance, 188 
Iflssile response, homing guidance > 
signals, 206 ; ^ 



Missiles, components of, 51-66 
airframe, 51-54 
auxiliary power supply, 51 
body configuration, 53 
control system, 51 
guidance system, 51 
location of components, 51, 52 
payload, 57 

propulsion systems, 51, 54 

sectionalization of , 51 

telemetering systems, 64-68 

warheads, 51, 55-59 
Missiles, current, U.S. service, 14-23 

Air Force missiles, 15-17 

Navy, 17-23 
Missiles, introduction to, 1-23 

after World War n, 12 
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